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SUMMARY

This report contains the studies which treat various problems concerning
disaster mitigation and civil defense with the formal methodology of systems,
the HOS methodology. Included are restricted inquiries concerning trans-
portation, communication and goal analysis. The more extensive results
present 1) an integrated host and risk area system for relocation, using
relocation of industrial personnel as a test bench for the applicability

of HOS methodology to a problem which is a general one; 2) a specification
of place as a data type and a primitive or basic operation for locating

one object in relation to another, which are prerequisites for dynamic
mapping, pianning, and implementation of mitigation systems.

The results obtained indicate that the HOS methodology can be employed
in the design of systems pertinent to the mitigation environment. Evi-
dence for this conclusion includes (a) the design of an integrated
system using stated goals and available information; (b) the description
of the system inciudes inputs, outputs, and functions in natural lan-
guage utilized by planners, operators and participants in the mitigation
environment; (c) the integrated system includes some clear cut require-
ments which the HOS staff finds absent in the current treatments of miti-
gation and nuclear war preparedness planning; (d) the methodology can
be used to capture very fundamental operations which are common to a
variety of problems which appear only on the surface to present quite
different difficulties; (e) the design included provision for the be-
ginning of defining surge, the transition to activation of plans and
execution of plans.

In addition to these studies, HOS, during the tenure of the contract also
carefully considered what specific recommendations can be made to en-
hance disaster mitigation planning and execution on the basis of its
experience with the system and its environment.
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The most important and direct finding, however, is that by employing the HOS
) methodology, it should be possible to design testable systems for a var-
iety of responses to a variety of crises and disasters. The method-

ology is rigorous enough to deal with the enormous difficulties in terms
of complexity and uncertainty and to retain sufficient flexibility to

) respond in real time to changing situations.
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INTRODUCTION AND RECOMMENDATIONS

This investigation was concerned with examining the applicability of a
formal system methodology, the HOS methodology to the civil defense en-
vironment. After a period of learning, the HOS staff attempted modest
design efforts. These efforts were extremely importatnt in proceeding
to the more interesting and demanding design work. Using industrial
relocation as a test bed, an integrated system was designed and a de-
tailed description of an important data type, place, was completed.

To our knowledge, this is the first time that a formal methodology with
the characteristics of the HOS methodology has been employed in the civil
defense environment. On the basis of our experience, crucial issues

such as identifying important information, sequence and priority of ac-
Ktivities, decision making and identification of possible performance
indicators are the most obvious benefits from using the HOS approach.
These benefits are achieved using natural language and thus the approach
can be used by planners.

The integrated system for relocation specifically deals with the major
issues and provides for correct interfaces. The work dealing with the
description of the data type place is an example of how a very basic
notion common throughout the civil defense environment, can be defined.
The detailed definition is provided to provide FEMA with a rigorous
account of how such basic definitions are achieved.

Finally, it weems worthwhile to provide a few modest recommendations
based on our experience with these design efforts.

I. A systematic treatment allows FEMA to pull together very
diverse functions and problems. We recommend application

of such an approach to fully utilize the expertise available
in FEMA,




II. Once a goal has been selected, support the plan for that
goal with a visible and systematic route, showing inputs,
outputs, functions, and connections between parts of the
system very clearly.

III.  Subject plans in hand to a systematic examination, using
experience with disaster response to aid the systematic
examination.
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CONSIDERATION OF SOME GOALS FOR DCPA

This paper concerns the goals of a DCPA system based on material thus far
examined by HOS and a visit to Region 1. It seemed appropriate to describe
some goals at this time so that as the various system characteristics of

civil defense become evident and then defined by HOS methodology, it would

be feasible to investigate how well they were defined and how, in general,
certain of them interface in DC systems in general. In addition, as various
goals for CD become apparent and the resources and operations required for
them become identified, it will be possible to relate various separate

goals in a consistent way, thus providing a degree of versatility for systems,
and to identify goals which are inconsistent or redundant.

It is also apparent both from the historical record [1] and legislative
support of civil defense [2] that goal setting in regard to civil defense

is a policy decision, made by elected officials, seemingly a process quite
apart from the technical ones. It must be recognized, however, that in

the case of civil defense technology and political decision making, i.e.,
should we have a civil defense system and what it should do, arenotdis-
tinctive. Civil defense can be considered a passive measure of defense,
focusing on the saving of lives in the case of war or disaster. In the

case of war, the battle at Waterloo can be regarded as the last instance

in which the population and their resources were not regarded as “"combatants."
Subsequently, as the role of the individual soldier became increasingly
supported by technology, the industrial and economic base capabie of supplying
the technology and thereby waging war became combatant and targets of value.
Thus, in addition to and perhaps in some instances only secondarily [3], V
is the saving of “civilian" lives and resources a process carried out for
humanitarian reasons. In fact, the population is required to participate

to varying degrees to support achievement of military objectives. Thus, a
decision to have a civil defense system, given the current means by which

war and attacks are carried out, can be a decision to attempt to protect,
defend, and recover military capability. In the case of the United States,
the war of 1812 was the only instance in which the threat directly affected
the population; in the modern era, the entire country can be regarded

5




as threatened in a very direct way. An attack solely on purely military

targets, if that were tactically possible, would not eliminate completely
the defensive and offensive abilities of the nation. Accordingly, HOS

has examined and considered goals described in the literature to determine
if the goal of civil defense had been or can be clearly defined. Without
a clear statement on this matter, the technical issue of designing a system l
or examining proposed or existing systems cannot be effectively addressed.

For example, if the goal is to save lives, the system would possess features §
which would specifically reduce fatalities. If the goal is to save lives and

provide a means to recover the national welfare, the addition of whatever
follows the "and" affects how and under what circumstances resources are !
directed to save lives along particular constraining lines. Regardless
of what follows, the "and", whether explicitly or implicitly given, in
effect defines the system directed at its achievement. The technology !
of systems in the case of civil defense evolves and is to a great extent

an extension of the political decision. Indeed, as we progress in our work
on modeling civil defense systems, determination of what happens to be

) inputs given stated constraints will aid those vested with the responsibility
of political decision making. An example of a current instance where
technology and politics merge is in the search for secure and trustworthy

ways to monitor Soviet and U.S. compliance with arms limitation agreements.

The Federal Civil Defense Act of 1950 (as amended) aims at protection of life
and property against enemy attack. The definition of protection as far as
DCPA is concerned does not extend to measures for recovery, but rather is

» the apparent responsibility of other Federal agencies. The definition of
attack is now broader than in 1950.

The following list of goals for a CD system have been extracted from a
» variety of sources. They are not mutually exclusive and assume that both
the U.S. and at least one potential adversary have the military capability
] in number of warheads, launchers, reliability of weapon performance, and
accuracy cited in the literature [4,5,6].




Goals:

1. minimize fatalities in a nuclear war [7].

2. to provide a U.S. counter to an adversary CD operation (e.g., crisis
relocation) to be used in crisis negotiations (the bargaining chip
goal) or reflection of gravity of situation.[1].

3. to offset a fatality disparity between U.S. and adversary (equalize
hostage taking) [1].

4. to enhance or maximize war-fighting (defend and win) effort (live to
fight, survive to win [3].)

5. to project a firm image of resolve to Allies [8].

6. to provide reduction in fatalities due to radiation resulting from
nuclear war not involving U.S. in other areas of the world [1].

7. to reduce fatalities and provide means of recovery for survivors
of a nuclear war [1].

8. to protect sufficient size of population to provide option for "1imited
nuclear" war [9].

9. to protect lives and property from natural and man-made disasters [10].

10. to protect lives and property from terrorist threat [1].

11. to protect lives and property from effects of long-term economic and

other non-violent crises, e.g., fuel embargo [1 ].

12. to protect Tives and property in the event of an "accidental limited"

nuclear attack on U.S. [1]

Inspection of this short and hardly exhaustive list of goals prompts
mention of at least two rather simply stated schemes to achieve goals
1,7,8,12 and to some extent, 2,3,6. Both schemes may be considered diffi-
cult or unrealisitic to implement:

Scheme I is not expected for some time.

I. Adversary and U.S. disarm or 1imit both nuclear and conventional
forces [11,12].

II. In the event of a threat to use nuclear devices, which is con-
sidered 1ikely to be implemented by an adversary of the U.S.,
the U.S. or adversary concedes to demands or "surrenders" [13].

Scheme II appears unacceptable to
U.S. or adversary because of the loss of national identity and/or loss of

its ability to project its power and protect its interests. Scheme I1

appears to represent an option Tikely to be taken only when all other
options are unavailable.




This exercise then has led to the notion that CD may have goals in addition
to or other than reduction of fatalities. In the absence of implementation
' of Scheme I (an entirely reasonable solution), Scheme II remains as the
only option left to maximize survival and minimize fatalities. It can be
, argued that a CD system which is prepared to minimize fatalities during an
attack allows, at best, a chance to "win" and at worst delays the time and
' degrades conditions of "concession" or "surrender."

It must be emphasized that these considerations do not necessarily require
that DCPA alter its charter, but does suggest that it is worth considering
. what other systems such as defense and recovery to achieve a defined
{ condition of survival might interface with DCPA systems and how such
interaction would be achieved on the part of DCPA.

t Analysis of the current system of civil defense indicates that a maximum
of 70% of the U.S. population would be fatalities in an adversary nuclear
attack [14,19. Data drawn from a study concerned with survival of re-
Tocated population of the U.S. after a nuclear attack have indicated the

| ] extensive and deleterious effects of radiation on population and food
supply and the uncertainties surrounding the issues of where and how
great the radiation from fallout might be [16]. A conservative considera-
tion of the data from [16] tends to increase the number of projected

' fatalities from [14,15 and leave unanswered the issue of survival [15].
The current system would appear to require considerable improvement ove™
many years to reduce fatalities and enhance survival [15]. To relate
reduction of fatalities and enhancement of survival to other goals, HOS

) is in the process of a study of data and analysis of survival of industry
and other elements.

To date, there is no evidence available to HOS indicating that goals 2,3,8
have sufficient value relative to others listed to warrant equivalent priority
in systems design. Some goals would be achieved as a by-product of other
goals. Some students of US security have suggested that Soviet CD reflects a
philosophy concerning war-fighting [4] yet the US Secretary of Defense did not

- appear to value the effectiveness of the soviet program to "enhance the prospects
for Soviet society as a whole following any full-scale nuclear exchange. . ."[8].

A
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Given the presumed inferior status of current US CD (70% fatalities) vs the
potential adversary program (15-10%) [14],one might expect this issue to be
negotiated or for the US to upgrade its CD effort. But, thus far, the public
record is devoid of reports indicating the bargaining value of CD. To what
extent CD maneuvers, such as crisis relocation would be important in crisis
negotiations. is not clear [15],but given the presumed perception of the
potential adversary as reflected in "best" Soviet CD, a US CD related to war-
fighting (i.e. increasing survivors who have resources to defend) would be a
better candidate than one devoted to reduction of fatalities.

The distinction between reduction of fatalities and enhancement of survival has
bearing on system features. For example, a study of feasibility of CR [17]

has indicated that certain urban populations would relocate up to 100 miles
distant from their cities. Time, fuel, and population burdens were considered
carefully to minimize fatalities. 1In a study concerned with survival of the
relocated population [l€], it was indicated that to bring food and population
closer, relocation would have to involve much greater distances than 100 miles.
It can be argued that, as the population exhausted its carried food supply [16]
at its relocated site, it would subsequently move in a second relocation to
approach new food supplies. The second relocation might not be feasible under
certain circumstances, such as in the aftermath of an "all out" nuclear attack.
This would degrade survival and increase fatalities. The issue as to what
extent reduction of fatalities and survival enhancement can be complemented
without compromising either.

Consideration of this example focuses attention on system features which provide
interfaces between recovery (or survival support) systems and DCPA systems, a
problem recognized on a somewhat different basis by others [18].

As noted here, however, systems for reduction ir fatalities and enhanéement
of survival may be closely related to a "war fighting" goal, requiring inter-
action of DCPA systems with defense measures, a requirement that has not been
recognized in a recent reorganization p]én f18]. It remains to be determined
to what extent such interfaces would enhance deterrence, given the absence of
schemes I and II, or provide the basis for a deterrence of a second order.




Goals 9-11, while not related to large-scale catastrophic environments as in
the case of the other goals, are concerned with events with a slightly greater

' probability of occurring. Given the DCPA charter and the involvement of regional
offices in localities, the current system appears to have considerable potential
for providing approaches to these goals.

'

Thus far, HOS definitions of resources and operation suggest common features
for systems devoted to goals 9-11 and others 1listed. The more subtle unique
features of systems devoted to large-scale catastrophic events are being

' identified using a similar approach.
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1.0 Crisis Relocation: The Need for a Specification of "Place"

Crisis relocation involves the transfer of people and resources from
one place to another in anticipation of either man-made or natural dis-
aster. Such a transfer can be represented mathematically as a function
CR that maps "states of the U.S." to "states of the U.S.," where a

"state of the U.S." is a table of correspondences between places, pop-
ulation, and resources. For some purposes, only portions of these tables
may be needed, involving correspondences between places and population,
places and o0il, places and food, and so on. We might also want to have
an allocation function that tells us what the population and resources
are at a given place in a particular "state of the U.S." This mode of
representation is illustrated in Figure 1.

2.0 Specification vs. Implementation of "Place"

The intuitive notion of place is illustrated in Figure 2. A place, to

a first approximation, is a well-defined (geometrically) non-empty
region in two-dimensional space. In Figure 2, places are defined in
“terms of a grid superimposed on a map of the U.S. If each such region
is given a unique name, then tables of the sort illustrated in )
Figure 1 can be straightforwardly constructed. Note that the naming
scheme itself is arbitrary; while numbers are used in the implementation
of the notion place in Figure 2, they are not assigned in any particular
order or pattern. Patterns of various kinds may be chosen for one
reason or another, but these are then propoerties of the specific imple-
“mentations in which they occur, rather than characteristics of the notion
place itself. .

The purpose of specifying a notion 1ike place independently of implemen-
tation is to characterize what it is about all the implementations of

such a notion that make them implementations of that notion. Whatever
properties of specific implementations of place, for example, are not
relevant to their being places, but only to their exemplifying a particular

1
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subclass of places, are not included in the specification of place. In
' ‘ the case of place, the minimal set of properties that seems to be required
in the specification is provided by the four cardinal directions. Given
any place in a geographically distributed system, we can always travel
from that place to one that is north, south, east, or west of it. This
is the property of place that we adopt here as providing an abstract
characterization of that notion.

3.0 HOS Specification of "Place": First Approximation

An initial HOS specification of data type PLACE is given in Figure 3.
North, south, east and west are formalized as primitive operations that
map places to places. The essential constraints on the behavior of the
‘primitive operations - - i.e., what it is about them that qualifies
them as formalizations of the four cardinal directions - - are given in
the form df axjoms, which are in this case eight in number. The first
four axioms in Figure 3 stipulate that the members of each pair North/
South and East/West constitute inverse operations; the last four axioms
Stipulate that the members of each pair North/East, North/West, South/ .
East, South/West are orthogonal. The first axiom, for example, says

' that the place that is immediately north of the place that is immediately
_ south of some place is that place itself, while the last axiom says that
i . ~we get to the same place from a given place whether we travel first
' one place south and then one place west or first ore place west and then
one place south,
v 4.0 An Implementation of "Place"

Figure 4 illustrates one way in which the example in Figure 2 can be
interpreted as an implementation of the specification in Figure 3. The
table in Figure 4 assigns to each of place in Figure 2 immediate
northern, southern, eastern, and western neighbors, thus providing

17
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DATA TYPE: PLACE;

PRIMITIVE OPERATIONS:

place, = North (place,);
p]ace] South (p]acez);
place, = East (placez);
place; = West (placez);

AXIOMS:
WHERE p IS A PLACE

North (South(p)) = p;
South (North(p)) = p;
East (West (p)) = p;
. West (East (p)) = p;
) East (North(p)) = North (East(p));
East (South(p)) = South (East(p));
West (North(p)) = North (West(p));
West (South(p)) = South (West(p));
1]
END PLACE;
1 ]
’ Fig. 3 HOS Specification of Data Type PLACE - First Approximation:

The Four Cardinal Directions
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definitions of the four primitive operations, as required by Figure 3.
The specific assignments, furthermore, are constructed in such a way
that all of the axioms in Figure 3 are satisfied. Place 23, for
example, gets place 31 as its immediate northern neighbor and place 31
gets place 23 as its immediate southern neighbor; this verifies the
first axiom in Figure 3 for the value p = place 23. Place 23, similarly_
gets place 29 as its immediate southern neighbor and place 44 as its
immediate eastern neighbor, while place 48 is both the immediate eastern
neighbor of place 29 and the immediate southern neighbor of place 44;
this verifies the sixth axiom in Figure 3 for the value p = place 23.
The other assignments in Figure 4 are also easily verified as satisfying
Figure 3 in the same way. Note that the table in Figure 4 provides one
interpretation of Figure 2 as an implementation of Figure 4, but not

the only such interpretation. Figure 4 corresponds to the most intuitively
straightforward interpretation in which North, South, East, and West

are taken to correspond respectively with up, down, right, and left,

but other correspondences between these two sets of directions are also
possible, depending on the requirements of the situation. Note also
.that the gridwork provides a highly idealized form of implementation for
the specification in Figure 3. Irregularly shaped regions can also be.
used to implement this specification as long as the four primitive
operations representing the cardinal directions are guaranteed to be
always single valued.

5.0 Problems With the First Appoximation: The Need for Border Regions

There is still one discrepancy between Figure 3 and Figure 4, however,

as illustrated by the gaps in the assignments in the latter, While

Figure 3 accounts adequately for the directionality of a geographically
distributed system, it makes no provision at all for border regions, i.e.,
regions with one or more expected neighbor missing. The specification

in Figure 3, though adequate for infinitely extended regions with no




external borders, is deficient for the more normal case in which external
borders are included, such as Figure 2.

The absence of border regions not only is intuitively unnatural, but
also precludes the construction of useful operations and structures,
such as the operation in Figure 5. The control map in Figure 5 defines
an operation that tests whether or not one place is north of another.
OR and COJOIN in the figure are HOS control structures: OR indicates
an alternative determined by the indicated binary conditions and

JOIN denotes sequence; COJOIN is a generalized version of JOIN in

which the sequential operations share some variables.* As the figure
indicates, the operation inputs two places, Py and Pos and outputs a
boolean b, which is True if Py is north of Py and False otherwise.

. First the immediate northern neighbor of Po is found and named p'. This
place p' is then tested against Pys if they are equal b is True and the
process stops. If p' is not Py then p' is tested to see whether or
not it is a northern border. If p' is a northern border, then b is
False and again the process stops. If p' is not a northern border,
then the entire process repeats with p' as the second input instead of
Py- Eventually, after enough repetitions, the process stops with either

True or False as the value of b.

The problem with this operation, of course, is that we have thus far
. not given any meaning to the operation NBorder, which appears in the
condition of the lowest OR. We have interpreted NBerder intuitively
as meaning "is a northern border," but we have not characterized what
this means formally, as we did for the four direction operations, for
example.

6.0 HOS Specification of "Place": Second Approximation

One way in which we might incorporate border regions is given in Figure
6. Each axiom in Figure 6 corresponds to one of the axioms in Figure 3,

* "Techniques For Operating System Machines”, TR-7, Higher Order Software, Inc.,
Cambridge, Massachusetts, July 1977.
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OPERATION: boolean = IsNorth(placel,placez);

b = IsNorth(pl.pz)

) COJOIN
b =F (p',p) p' = North(p,)
OR
Equal(p' ’pl) = Fa‘se qual(p ,pl = True
= F,(p',p,) = Kpue(P'Py)
OR
NBorder(p') = True/ "\ NBorder(p') = False|

KFa;se(p"pl) b = IsNorth(pl,p')

. _ [True, if p, is North of p
i.e., b~ {False, othérklse 2

" Fig. S Operation That Tests Whether One Place is North
of Another
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DATA TYPE: PLACE;

PRIMITIVE OPERATION:
place, = North (place,);
place, = South (place,);
place, = East (place]);
place, = West (place1);
boolean = NBorder (place):;
boolean = SBorder (place);
boolean = EBorder (place);
boolean = WBorder (place);

AXIOMS:
WHERE p IS A PLACE; 1
North (South(p)) ']p or KREJECT (zp);

East (South(p)) = South (East('p)) OR Kegyper (%P): 4
West (South(p)) = South (Hest(]p)) OR KeggecT (zp);

PARTITION OF p IS
‘pl SBorder {p) = False,

2p| SBorder (p) = True;.
South (North(p)) = 3p OR KREJECT (4p);

. 3 4.,.
gast (North(p)) = North (East(“p)) OR KpeazeT ("p)s
West (North(p)) = North (Mest(’p)) OR KrgdecT *p)s
PARTITION OF p IS

3p| NBorder (p) = False,

4p| NBorder (p) = True;
East (West(p)) = 5p OR Kpegeet ®p)s ]

North (West(p)) = West (North(sp)) OR Kee secT (6p);

South (West(p)) = West (South(sp)) OR Koe 3ECT (sp); ‘

PARTITION OF p IS

5p| W8order (p) = False,
'spl ¥Border (p) = True;
7 By, i
west (East(p)) = “p OR Kpgieer ( p)s

North (East(p)) « East (North(7p)) OR Keesect (8p);
South (East(p)) = East (Soutn(’p)) OR Keeyeer (%p)s
PARTITION OF p IS

5p | EBorder (p) = False,
6o | EBorder (p) = True;

END PLACE;

i {ficatic yp E - pproximation: The
Fig. 6 HOS Specification of Data Type PLACE - Second Approxima
9 our Cardina% Directions Plus Border Regions 23




except that the order has been changed to group axioms. according to
which partition they involve. The partitions are based on the four

new primitive operations that define the notion of border: northern
border, southern border, eastern border, and western border. Again
places are assumed to be discrete, distinguishable entities. The number
of places is unspecified; there can be as few as one or as many as
desired, depending on how one chooses to implement the data type. As

in Figure 3, each place is assumed to have a unique immediate northern
neighbor, a unique immediate southern neighbor, a unique immediate
eastern neighbor, and a unique immediate western neighbor.

A single place may be two or more kinds of borders at the same time,
depending on the circumstances and the implementation they require.
In Figure 2, for example, place number 6 is both a southern border and

"a western border, while place number 4 is a northern border, an eastern

border, and a western border. Place number 12, however, is both a southern
border ard a western border, but not an eastern border, since it has
place number 8 as its immediate eastern border; a finer grid or an im-

.plementation that admits irregularly shaped places might make place

number 12 an eastern border by not admitting place number 8 as its im-
mediate eastern neighbor, If there is only one place, it may may be a
northern border, a southern border, an eastern border and a western
border all at the same time.

In short the primitive operation 1ist contains representations for four
binary distinctions, corresponding to whether or not a given place is

“one of the four kinds of border, and four directions, which are pairwise

either inverses or orthogonal, except for borders. The four binary
distinctions are used to define the partitions and the four directions
are characterized in terms of them in axioms. The first group of axioms
depends on whether or not the input place is a southern border, the sec-
ond group on whether or not it is a northern border, the third on whether
or not it is a western border, and the fourth on whether or not it is

an eastern border. The first axiom in each group telis us that the




direction relevant to the corresponding partition is an inverse of one
other direction unless the input is the corresponding kind of border.
The other two axioms in each group tell us that the direction relevant
to the partition is orthogonal to the two directions of which it is
not an inverse, again unless the input place is the appropriate kind
of border region.

7.0 The Orientation Structure

Given a formalization of the notion border, such as the one in Figure 6,
we not only can legitimately use the operation in Figure 5, which tests
one place to see if it is north of another, but also can generalize it
to a structure that tests two places for any given orientation. First

“we define an operation that tests whether a place is a northern, southern,

eastern, or western border, as shown in Figure 7. JOIN, again, is an
HOS control structure involving sequence, and INCLUDE is an HOS control
structure involving independent processing-of a number of different

operations; along with OR, they constitute the three primitive control

structures of HOS, in terms of which any cther control structure can be
defined. Clone is a universal primitive operation that produces an
indicated number of copies of some variable and its value; Or is an
operation on data type BOOLEAN that produces an output True®f any one

" of a number of boolean inputs is True, and False, otherwise.

Second we use this border-region operation to define a partition in an

orientation structure, as shown in Figure 8. The structure F-orientation

enables us to test the orientation of any place Py with respect to any

~ place Pos it is a generalization of the IsNorth operation in Figure 5,

obtaired by replacing North in Figure 5 with an arbitrary orientation
operation F and replacing NBorder in Figure 5 with the more general

Border Region operation. Whereas IsNorth in Figure 5 is a specific
operation, F0 in Figure 6 is a variable operation; it is this fact that
makes what is defined in Figure 6 a structure rather that an operation.
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Note that © in Figure 6 need not be one of North, South, East or West
"in order for the structure to make intuitive sense; any finite com-
bination of these primitive operations can be used as a value of F.
We can test whether P is north of Pos in other words, as in Figure 5, - 5‘
but we can also test whether Py is south of Pos whether it is northeast

of Pos whether it is southsouthwest of Pys whether it is north or

southwest of,pz, and so on. All we have to do is replace F in the tree

" with the appropriate combination of the four direction operations and

the instantiated structure will then perform the corresponding test. @

8.0 Problems With the Second Approximation: Underdetermination of "Border"

There is still a problem, however, with the formalization of the border
notion included in Figure 6, and thus also, by implication with the
structure in Figure 8. The four border primitive operations zre used

in Figure 6 to define the partitions that determine when the various
binary compositions of direction operations reject, but there are no
further constraints on the border operations themselves. Intuitively,

a border place is one which has no immediate neighbor in some direction.
While this characteristic of border places is reflected implicitly in

the axioms of Figure 6, these axioms are weaker in that they deal only
with immediate neighbors of immediate neighbors, rather than with im-
mediate neighbors themselves. The value of North(South(p)), for example,
is REJECT if the value of SBorder (p) is true, but we have no further
information about when the latter is, in fact, the case. The border
operations are underdetermined, in other words, with insufficient in-
formation being given in the specification to charac*terize them adequately.

g.0 HOS Specification of "Place": Finel Version

This deficiency is remedied in Figures ¢, 10, and 13, as illustrated
in Figures 11 and 12. Figure 9 contains our final HCS spacification
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DATA TYPE: PLACE;
PRIMITIVE OPERATIONS:
placez - North(place1)
place2 s South(place1)
place2 = East (place])
place2 = West (place,)

AXIOMS:
WHERE p IS A PLACE

1 2.\,
North (South(p)) p OR KREJE?T (“p)s )
East (South(p)) = South(East('p)) CR Kpegger ()3

West (South{(p)) = South(West('p)) OR K. ,c.- (Zp);
REJECT

PARTITION OF p IS
]pl Equal (South{p), REJECT) = False,
2pl Equal (South(p), REJECT) = True;
3 4 ..
South{North(p)) p OR KREJECT ("p);
3 4.,
East (North(p)) = North(East(”p)) OR KREJECT "p)s

west (Nortn(p)) = North(West(p)) OR Kop jeer (%p);

PARTITION OF p IS
3] Equal (North(p), REJECT) = Faise,
451 €qual (North(p), REJZCT) = True;

fast {West(p)) = 5p OR Kpeseer (sp);

North(West(p)) = Hest(North(sp) 0R K

. 3 .
regect (P)3

South({West(p)) = Hest(South(sp) OR KREJECT (59),

PARTITION OF p IS

51 Equal (West(p). REJECT) = False,

6p| Equal (West(p), REJECT) = True;
west (East(p)) = 7p O0R KeegecT (sp);
North(East(p)) = East(North(7p) OR KreagcT (ap);
South{East(p)) = East(South(7p) OR KpeggoT (ep);

PARTITION OF p IS
7ol Equal (East(p), REJECT) = False,
8pI Equal (East{p), REJECT) = True;

END PLACE;

Fig. 9 HOS Specification cf Data Tvpe PLACE




of dat» type PLACE. The axijoms in Figure 9 are identical to those in
Figure $; the differences between the two specifications 1ie in their
primitive operation 1ists and in their partitions. Figure 9, like
Figure 3, has only four primitive operations, which correspond to the
four cardinal directions; the four border operations have been removed
from both the primitive operation 1ist and the partitions, which are
now defined directly in terms of the non-existence of an appropriate
immediate neighbor. North(South(p)) rejects, according to Ficure 9,
when South(p) is equal to REJECT, rather than when some unspecified
SBorder operation happens to have the value True. Clearly, this is
what we mean intuitively by a border place.

The use of NhbBurder, SBorder, EBorder, and WBorder as primitive operations
in the original partition is peculiar, in other words, because what
these operations are is not further specified; these bcolean-valued
operations are intimately related to the place-valued ones, but this
fact is not indicated in the specification (in Figure 6). What is
really going on in data type PLACE is what we see in Figure 9; the
border operations are not primitive.at all but consist, rather, in the
testing of equality between immediate neighbors and the RZJECT element,
This recognition enables us to define a border structure that produces
an appropriate border operation for each of the four cardinal directions
(and combinations thereof). A control map and AXES syntax for this
border structure is given in Figure 10.

10.0 The Border Structure

The border structure in Figure 10 is a maximally simple one, consisting
of only two levels of decomposition and one control siructure, the prim-
itive control structure OR, which provides mutually exclusive and col-
lectively exhaustive alternatives. For a given direction operation F,
the structure first partitions the set of places into two disjoint
classes, those which have an immediate neighbor in the direction F
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(F(p) does not reject) and those which have no immediate neighbor in
the direction F (F(p) rejects). If a place p is in the first class,
then F-border assigns it a b value of False, indicating that it is not
an F border; if p is in the second class, then F-border assigns it a

b value of True, indicating that it is an F border.

Note, again, that formulating the border concept as a structure auto-

- matically generalizes it beyond the usual N, S, E, W borders we dis-
cussed earlier. The function F in Figure 10 can be any mapping at

all from places to places. The notion of border makes the most in-
tuitive sense when F is some repeated composition of a single direction
operation, and it is probably most useful when F is simply one of

N, S, E, and W; the structure also provides, however, for more abstract
kinds of borders, which might be useful in some applications, for
example, EN borders - - i.e., places which have no neighbor immediately.
north-east of them - - or WWSS borders - - i.e., places which have no
neighbor immediately south-south-west-west of them. Note that the
orthographic order of function names is the reverse of that of func-
tional application. We will henceforth use a terminology that reflects
the former order to avoid confusion in referring to borders. Some of
the possibilities that become available are illustrated in Figure 11.

The examples in Figure 11 deserve careful study. Note that whether or
not a place is a boundary place of one sort of another is determined

not by the grid, which is included only for intuitive pictorial- clarity
but by the explicit implementation, in this case given by Figure.4.

Place number 46 in Figure 2, for example, looks superficially as if it

is not a west-south-south border, because place 53 seems to be its im-
mediate west-south-south neighbor. If we check the table in Figure 4,
however, we realize that this is not the case, because place number 2,
the immediate southern neighbor of place number 46, itself has no im- é
mediate southern neighbor. Looking again at Figure 2, we coniirm that
this is indeed the casé in the picture as well. Place number 46, in
other words, is a west-south-south border because South(South{number 46))
rejects and so West(South(South(number 46))) rejects as well. Note
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also, again using place number 46 as an example, that a West-South-South
border is not necessarily a South-South-West border. In this case,
West(South(South(number 46))) has value REJECT as we have seen, but
South(South(West(number 46))) has place number 53 as its value.

The intuitive character of the border notion can be enhanced by using
implementations of Figure 9 based on finer grids that that of Figure 2.

" In Figure 11d, for example, the eastern coast of Georgia and Maine end

up as West-South-South borders, but this does not happen in Figure 12,
which uses a finer grid. Conversely, in Figure 11d, most of the land-
Tocked state of Utah and all of Tennessee are counted as West-South-
South borders but this does not happen in Figure 12. Note, again, that
the sections of a grid do not have to be of uniform size, or even of

the same shape, as long as they satisfy the specification in Figure 9.

A11 that matters in the choice of an implementation are the requirements
of the problem and the tastes of the user.

11.0 The Border Region QOperation

Now that we have fully specified the border notion and adjusted our
specification of places accordingly, we can remedy the deficiency that
we observed in connection with Figure 8. The problem with Figure 8
was that the operation Border Region, used in the condition of the
Towest OR control structure was defined in Figure 7 in terms of
Sdorder, NBorder, WBorder, and EBorder, which were themselves inad-
equately characterized in Figure 6 as primitive operations. Having
corrected the latter defect, however, by providing the general border
structure in Figure 10, we can now use that structure to construct an
adequate definition of Border Region.

Our new characterization of Border Region is given in Figure 13.
Figure 13 differs from Figure 7 primarily in the way we have just dis-
cussed; rather than the symbols "SBorder", "NBorder", "WBorder", and

37
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"EBorder”, we use the syntax of Figure 10 for four of the operations that
structure defines: "p is a South border", "p is a North border",

"p is a West border", and "p is an East border". We have also simplified
the operation somewhat, by using the non-primitive HOS control structure
COINCLUDE, rather than the primitive control structure INCLUDE plus the
universal Clone operation. This also enables us to eliminate one of

the JOIN control structures that we needed in Figure 7,

12.0 The Coordinates Operation

Now we are in a position to construct what is, perhaps, the most funda-
mental and important operation on data type PLACE, other than those
used in specifying the data type itself. Given two places, it is often
essential to know the relative location of one of them with respect to
the other. Clearly, if we are given a pictorial implementation of the
data type, with two places indicated, the problem is a trivial one, as
illustrated in Figure 14. A1l we have to do is count up or down and
right or left from one place to the other and we determine where they
are with respect to one another. In Ficure 14, we determine immediately
that place number 28 is two places south and six places east of place
number 39 just by counting down and to the right. The problem is not
so simple, however, if we are given our implementation in the form of
a table, such as that in Figure 4, since looking at the entries for
places like numbers 28 and 39 gives no indication at all as to what
their relative locations might be in a pictorial grid. In terms of the
specification in Figure 9, furthermore, the probiem becomes still

more complex, because no specific places such as 39 and 28 are even
jdentified. Since a specification gives only the general properties
of the members of a data type, what we really need in connection with
our specification gf data type PLACE is a definition of what we mean

in general by the relative locations of two places. Given a particular
jmplementation of the data type, this definition should then provide an
intuitively natural notion of relative place for the places provided by
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that implementation. Such a definition is provided by the operation

Coordinates that we will construct here.

The basic idea behind the operation is illustrated in Figure 15, which
uses the grid of Figure 12 as a sample implementation. In contrast to
the case of Figure 14, in which the relative orientations of the re-
spective places are known and only the coordinates are lacking, the

~ general situation on the specification level lacks even the information
about orientation. If we choose two places at random, we do not

even know in what direction either 1ies in with respect to the other,

if a pictorial representation is not provided. This deficiency can be
overcome by generating search rays in all four cardinal directions from
each of the two places, as illustrated in Figure 15. Eventually, one
of the rays from each place will intersect one of the rays from the other
and the coordinate count can be made from the point of intersection.
Actually, two such intersection points will always be generated, but the
same coordinates will result by counting from either one.

The control map for the coordinates.operation is given and clarified

in Figures 16 - 29. Figure 16 gives the top-level architecture of the
operation, which consists of Initialize, Test, and Finalize modules. The
Initialize module serves only to proyide initial values for all of the
relevant variables and requires no further explication. Its complete
decomposition is given in full in Figure 17. Note that variables in

the control map that are of the form x are lists, as explained in Figure 18.
The test module is the meat of the operation, since it is this module that
generates the search rays and determines when an intersection has
occurred. The upper-level decomposition of this module is given in

Figure 19. It is the Finalize module that performs the coordinate

count and assigns values to the coordinate variables. Its top-level
decomposition is given in Figure 20.

The search rays are represented by the members of the osets variable,
which is generated initially by the Initialize Sets submodule of the
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