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Verification of an Axiomatic Requirements Specification

M, HAMILTON® and 5. LZELDIN"
Higher Order Software, Ine.
R43 Massachusetis Avenue
Cambndge, MA 02139

Absrraci—Yerification of & sysiem involves the identiflcation of
redundancies, Incompleteness and inconsistencies of & i ystem definition,
. implementation and execuiion. A yyriem, defined formally,
50 thal system properties can be undersiood in the sme way by people
mrd machines, can be analyzed autometicslly ity respact 1 barth
synias end emantcs. With & sysiem 80 defllned, mamy aspecis
previously smociated with verification cam be eliminated. An example
specification is wsed io demonstraie the properties of & system definition
whith supports elimimation of unmecesary verification, mazimum use
of simtic verification, and minimum wse of dymamic verificatbon.

I. INTRODUCTIO™

ESEON AND VERIFICATION take place throughout a system de-
Dvclnp{m‘m process, Derign means io think. Ferily means to
think back . For each step of design there should be a counter-slep
of verification. At times, the process of design is one and the same
as the process of verification. This oceurs when cerlain design
charscterstics are included for the purpose of preventing uwn-
necessary venfication. In such & case, some ypes of verification
requirements are designed out of the system, What i3 left is the
second order verification which delermines if unnecessary venfi-
cation requirements with respect 1o a design have truly besn
elimimated, and ihen 8 need to venfy only that which 15 truly part
of the orginal intent of the design.

Many engineers talk about a desire 1o improve their ovwn design
techniques. These design technigues include those technigues for
prisducing the desagn for a solution 1o a partcular problemas well
as the design of the process which will venfy that solution. More
often than not, thess engineers appear 1o be talking about a
diffcrent design process since they are invalved in different types of
systema or different phases of developmont within a given system.,
Actually, they are applying the same process (Le., desgn) 1o a
different “application,™

From the point of view of a typical sysiem development process,
design could be the process of going from a concept to a set of
requirements, & set of requirements 1o & set of specifications, & set
of specifications 1o a set of code or a set of code 10 a computer. In
every ont of these processes each designer considers himself o
hawve the task of prepanng his design to eventually reside in a
compuier or machine emaronment. Onpe of the problems with this
approeach is that a designer either wormies unnecessarily about
design conssderations not relevant to his own process or he might
leave out design considerations thinking someont has already
laken care of them or that someone will ke care of them [ater.
The important consideration for each designer is 10 worry about
designs which he should worry about and only those designs he
should worry about. Each designer goes through the same process,
but cach designer should be applying that process to a different
phase of the overall application. Thus the inputs and outputs of his
desipn process should be both unique and self-contained.

Criher than & good deal of insight, & succesaful designer has
necessary and sufficient knowledge about his problem, an under-
standing of the nature of & design process, an undersianding of the
nature of the reverse of & design poocess (the verification process),
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end a means to effectively perform & reliable and workable
implementation of his design.

It is desirable for a designer tw have a methodoiogy to support
him in & design prosess. However, although & methodology can
support & designer, it can mever replace him. A tool can be
developed to replace some of his functions with respect to himaelf,
the designer, and even to replace all of his functions on & particular
project. However, the designer still has the prerogative to create
new desagns and 1o design new uses for the same Lool or new tools
for different uses.

There are many methodologies today whose imient is to prowide
standards and techaiques to assist 1he engineer in the design and
verificasion process [1]. The developers of these methodologies are
all proponents of relisble designs. And, most methodologies
sdvocate similar techniques towards this aim. Forexample, it isa
commonly accepied idea that it is beneficial 1o prodoce &
hierarchical breakdown of & given design in order to provide more
mansgeable picces to work with. And, thére ar vanations
between methodologpes, Some emphasize a conceniration ondaia
fMlow =5 opposed to functional flow [1] [3] [4) [5k others em-
phasize just the opposite [6] [7] [B); others indicate that both
functional and data flow are of equal importamce [9]; others
emphasize documentation siandards [10] [11]; others emphasize
graphical notations [12); and still others emphasize semantic
representation [ 13].

There are certainly poditive aspects in many of these metho-
dologies and, in particular, in what they are trying to obtain. To be
effective, however, 8 methodology should have technigues and
rubes for the purpose of defining systems which are consigient and
complete, Put these techriques and rules are eseful only if they are
within themselves consistent and complete, both with respect 1o
each other and io the sysiems to which they are being apphed.
With a complete and consistent methodology, a system can be
defined Formally so that all systems which communicate with a
given system can understand that syatiem in the same way.

In order to define a complete system, & method ology must have
the mechanisms to defime all of the relationships which exist ina
syitem environment [14]. This includes communication within
and between systems and the resource allocation which provides
for that eommunication. Thus not oaly must all data, data flow,
function and functional flow be able 1o be sxpliciiy defined, but
the relationships (and contral of the relationships) between data
and daws, between function and function, and between data and
function must be able 1o be defined within any pven sysiem
Eftviron mEnl.

A methodology should have a mechanism to provide moduo-
larity in the formal sense. That i3, any change should be able to be
made locally and if & change is made, the resuli of that change
should be able to be wraced throughout both the system within
which that change resides and throughout other systems com-
municating with that system.

A methodology should have the mechanisms to communbeate
and resource allacate a formally defined system in 8 manner which
5 transparent 1o the engineer, the user of Lhese mechanbms. Thay
i, even though the semantics of 4 system definition are formal, the
syniax describing that system should be as fexible and an close 10
the “language” of the engincer as long as it contains the neceasary
information to be wsed in the sysiem description,
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We will discuss here the properties of the methodology of
Higher Order Software (HOS) as they relate design and verifi-
cation to the requircmenis we have set forth for methodologies in
general. As an illustration of these concepts, we include o set of
specifications for ome of the development of a satellite
navigation systers, NAVPAK [15][16]. The problem is to define a
* 1 of specifications from a set of requirements which will be used
o implement NAVPAK in a computer environment. The problem
i3 & typical software sysiem problem in that the requirements not
only include the incorpomtion of navigation algorithms, but they
also include constmints imposed by human users, sensors, avail-
able off-the-shelf software packages and an existing set of
hardware.

Il. SOME PRELIMINARIES ON SYSTEM SPECIFICATION

An object s an exiience of something. A spsiem i5 an
assemblage of obpects united by some form of regular interaction
or interdependence. The mechanism by which these objecis are
united can raake the difference between & syatem which is reliable
and one which is not. In HOS the objects of a system are anited by
a form of contraf wikre that form of control is determined by
adberence to §lx AXiomE )

A syatem, itself, can be viewed a3 an object within another
syatem. Objects of an HOS system can be described in terms of
abstract control structures [17] that relate members of algebrai-
cally defined data types [ 1E])[ 3] or functionally delined data whose
components are algebraically defined, When an object is viewed in
terms of an abatract control strusture, that abject s in the sate of
dofng. When an object is viewed as a member of a data type. that
object is in & state of being.

HOS systems communicate in terms of data and functions.
Functions can be in & being staie or a doing state, Data canbeina
being state or 4 doing state, Or, as Cushing puts it [19].

i lﬂ“"lmll-" can be..a datum, can also do, by serving i
input 10 & fenction, and anyihing 1hat can do, ie., & lunction,
can alen be, since functions themaelves make up & dais type,

System dezigners often have the problem of krowing when they
are finished, For example, it is nod clear when a system definition
has been decomposed as far as it should be or if it has been
decomposed Lo a stite of unnecessary detail. In HOS, a desgn that
is finished is one which kas been hierarchically decomposed intoa
compicte system specification, Tn this case, all terminal nodes of a
specification iree represeni primitive operations on data types
(A ppendix ).

Sometimes we need Lo talk about the relationships beiwesn one
system and ancther system (g5, NAVPAK and the Liser System]).
In order to talk abowr such relationships, it Is mecessary io
understand the strucrure o organization of a system. In HOS the
structure of & system can be made up of several sysiems where each
systermn can be defived in terms of kevels, layers, and instances of
layers. A laper represemis’all performance passes of a system. An
ingtance of a layer represents one performance pass of a system. A
level represents a step of refinement within an instance of a layer of
a system, A communication takes place between two sysiems il an
instance of one system communicates with an instance of another
systern. Two systems are on the same layer if and only if an
instance of one system always communicates with the same
instance of the other system.

There are other relationships between systems other than that of
communication betwesn Lhem as objects. A system, a5 an object,
can communicate with other layers of a system such as the
definition, deseription, name, of eavironmeni. That same system,
&3 an object, can abso communicate with those systems on which
another syitem 15 implemented, All of these relationships betwesn
one system and another sysiem are defined by still another system.
This process (or syitem) which prepares one system to relate Lo
another system is called resowrce allocation.

In the process of reagurce allocation, it is possible to assign &
name to an object, an object to g name, or replace an object by an

Iﬂ'ﬂmlﬂllﬂubfl name. An engineer piovides resounce
allocations Lo objects in his system when he is designing the
systemn. This process can take place manually or automatically, He
also designs resource allocation functions for the system itself 1o
perform when il is being cxecuted. Sometimes it is mecessary 1o
perform & resource allocation Lo a system before it can commun-
icale with another system, Sometimes it is necessary to perform &
communication between two systems before a new step of resource
allocation s determined.

Thus, for example, one system may need to compute an output
'I-'ﬂlﬂt in_ﬂrﬂ.ﬂfhﬂluch;ﬂumhgu.jmﬂm..m
variable in another system. Another system may need 1o compute
an output value in order that such & value can be assigned as a
function (o & name of & node within & structure in another system
(this type of assignment is necessary for a reconfiguration of
functions in real time). Another system may need to assign &
function from one system as a value to an input variakleini own
system. And still another sysiem may need 1o assign an instance of
a function as a value to an input variable in its own system.

When we think about an object it is ofien oo easy to think about
it in too limited & sense. The problem is thal everyone involved
with that same object hes a different viewpoint of that object. And,
it is for this very reason that ong designer will define the ame
ohject differently than another designer, Each designer designs a
eystem with his own implicit assumptions or precanceived notions
that are callectively different from amyone else. Unfortunately,
many of these implicit assumptions are not usually made known
until that abject is finally executed on a computer. And some-
times, they are never made known. At least 8 system thst is imple-
mented on & compuler has the advantage of the computer finding
problems that designers of other non-computer problems woukd
never find

The only way to get around the problems of producing
incompleie, ambiguous or redundant designs is 1o have the ability
1o define & system explicitly, In order to explicitly talk about an
object, we need 10 understand whar it 15, s 1ppe (or character-
istica), and its defimition. (The defimtion of an object conisins
information about those objects controlled by that object as &
controller. It does mat inelude information aboul how that objset
itself is controlled.) To transfer an object from ome sysiem
specification to another, we would include all of the above in
addition to the obgect, itself, and a descripri. | that object.

The controller of am object allocates its mame, mow it exisiz(ie.,
being of doing), s emvronment (i.e., s residence), when it
happens, where it comes from, its represencanion, its implemen-
tarfon (Le., what makes i happen), and its execunion, which
includes the relationships of one system, asan object, with another
systerm as an object (e, its layer and level communication
relationships) and the relationships of one system &s an object with
another system in order 1o prepare that system for communication
{ie., its lnyer and level resource allocation relationships).

An object a1 a controller resource allocates. An object & &
funclion communicates,

Each object in a sysiem specification has a speciil meaning 1oan
engineer &5 to what it is, For example, objects such as functions,
inputl and output values, and mput and oulput variables are
commonly referred Lo by system designers. In HOS, we include
these kinds of objects with very specific meanings, and we have
ather kinds of objects including those which are available as a
convenien! means of abstracting (or modulanzing) system speci-
fications. When we talk about an object, it is very helpful 1o say
whalt it is, for in doing so we immediately know & lol mone sbout its
properties. For a given specification, an object in HCS could be,
fos example, a structure, an operation, & function, a data type, &
vanable, 8 value, & trée, & dats siructure, or & primalve operation,
An example of objects that can be used in & system specification is
shown in Figure 1. (A definition for these objecis i gven in
Appendix T and Appendix 11.)

We can tell the rype of an object by referning it to a set of values

a5ns



whnose cHAFECIENSIED: Wwe nave AETinss. N Lypes 15 8 5B U Y AiuCS
defined by & set of axioms. Each axiom is & true statement about
control structures, Thus, if
¥y = Alxk
Wi CAn sy
Where (v,x) are INTEGERS,
A i a constant FUNCTION:
In mddition, if
z = Ciblk
we might say
boigan A,
C iz a FUNCTIOMN,
riry MATRIX,
To understand the meaning of a system, we dfine each of its
objects, For example, one definitsion of an instance of a NAVPAK
function, E, is
¥ = Eix)k
Where x iz an INTEGER,
¥ it g NATURAL:

One definition of E as data s
Where E is @ FUNCTION;

¥ o= Alx)
¥ = Adgl B = Asix)
B = Bi{x:) g = Bix:)

STRUCTURE: the contral relatsonships of the
functions in System A
DATA TYPE: a set of valwes charac. crred by a a6
ol primitive operations
VARIABLE: name of an object
KT 15 an inputl vamahle of A
“¥" is an oulput vartable of A
VALUE: object being named
x 15 & value of daic - = irteger
feg. 2 Y.
¥ is & value of dats sype integer
FUNCTION; mapping betwton input values and
owtpul values where those walues are
represented by partioular vanables
AL A, Ay, B and B; are functions
of Sysiem A
THREE: geagraphical representation of a
sysiem (environmenl of System A
WODE: location on tree. Funclion A resides
al the root pode of the contral map
for System of A,
a s¢1 of vanahles whose values
cirllectively represent the same value
a5 a variable. In System A (x, xz) i3
& data structure of 1.

DATA STRUCTURE

FRIMITIVE
OPERATIONS: one of a sed of operations which
characterize a particular daia type
A, B, and B; are primitive
operations for Syatem A

UMIVERSAL
PRIMITIVE
OPERATIONS: operations in which the operands are
represented by vanables whose
values are of some type.

l'?lll
A Contrel Map of Sysitm A ss & Funecilon

We use a descripiton 1o talk about the definition of & system.
One description of an instance of fanction E is “y=E(x]", This
description can be replaced by other descriptions. It couald be
replaced by ones described in an assembly language, specification
language or & higher order language. In HOS we describe
definitions with AXES or AXES based statements (A ppendix 11)

We need 1o have & rante fof an object in order to mention that
abject [20). A name itsell can be an object with reapect 10 its name.
To talk about, for example, NAYPAK, we use the name of
NAVPAK, “NAVPAK.” If E is a function in NAVPAK, E can be
controlled by mentioning the name of E. Thus “E” controls E in
that the mentioning of E makes E happen, and “E” can he
controlled by naming “E™. Thus “'E™ controls “E™. To give &
name io E is 1o resource allocae “E™ to E. In order to inwake E we
meed to have an object. E., which mentions the name of E. E, “E",
“E'"™ and E, which invokes E, all reside in some environment. In
arder to control E by E; we must also resource allocate to E; a
name in order to talk about the conirolber E.. E, and its nameé midst
also redsde 1n some environment. ln Figure 2, &, A, and A; are
nodes which locate positions on the control map; F, F and F; are
functions in System E. [n order 1o obiain F on the control map, we
locate F by F = Object (*F7). F, F; and F; are resource allocated by
the very fact that they have names. F, as a controller, relates to the
invocation of Fy and F; by mentioning their names which i, in
exsence, also B prooess of resource allocating the names “F;" and
“F;" to nodes A; and Ay, Inthe mentioning of “F,™ and “F;", F as
a fumction is replaced by fumctions F; and Fy. Similarly, in the case,
for examiple, where we have an instance af the function F, defined
a5y = Fiu). we are concerned with “y™ and “x"_in addition o= F",
&y well s where these names reside.

F A
j'l F] '*I Az

SYSTEM E ENVIRDNMENT CONTROL MAF ENYIRONMENT

Fa “F
Fiy, Fi, . “Fy" “Fy
Flgure 1

System E on the Control Map

When we relate to an object, it is imporiant to know how it
exisis. In the definitions above, when E is viewed in terms of &
control structure, E and % and y are viewed as doing. When E is
viewed in terms of & type, E and 1 and y are viewed a5 being.

When one system relates 1o another system, it must know,
amang other things, the eaviromment within which that system
resades. This includes where that system 5 located and when that
SYStEm eXists.

In the case of Function E, we could say that the location of
"w=E(x)" is o this ling on this page im this callection of pages. For
another Function A, we might say that its description, “y=A{x]" is
locaisd al mode 12 on the control map. Or we might say thay



“y=A(R)" 15 located at Register 10 on PDP-11;70 orat FLURILA
IMAGE on LCV file. Similarly with the definition for A, we could
say y=A(x) i located at BLOCK » « 30 on Computer. With
respect to function, B, and time, t, we could say y=Aix) ar t or
Y=A(x) after B or ¥=Alx] in t or y=A(X) before 1,
An example environment might be defined as follows:

y- MI] LA N

Where t ir @ TIME,

t isa LOCATION

ar if the type information about A, t and 7 were contained on,
for example, a file, we could simply say

.*.u (R T

The representation of an object maght vary depending on s
environment. One representation of A, A's controller, their
names, names of mames, etc, could exist in a computer. In one
computer, a rational number could be represented as a singhe-
precision number, and on another computer, it could be repre-
sented a3 a double-precision number. In an HOS system specifi-
cation, we often talk about these cbjects within the environment of
a control map. [n an HOS implementation, the aodes of a control
map can be replaced by locations of a compuier, ke names of the
nodes by names of instructions or narmes of locations in the
computer. Thus if a specification is described within e control map
environment, it can be transferred to the computer environment as
par of 1the implementation process,

In order to implermenr & system jor make thal sysiem happen),
we define that system, the environment of that system and the
system that will execute that system. That system which executes
another aystem 15 called a machine (Appendix 11}

One of the most difficalt problems facing system designers is
that of resource allocating a design to execule on o paricular
machine, More subtle problems appear when we atlempt 1o
redesign our system 1o fit @ machine, Once having done 50, we can
no longer understand ouwr original design, since the resuluing
complexity hides the original intent with camouflages of imple-
mentation. We not only cannot trace input and output throughout
cur system design, but we are no longer éven sure whech input and
oulput s relevant to our onginal problem. To wry wochange such a
system with & new system requirefment 5 & presumpiuous nolion

Input anad sulpul can Be traced throughou! a gpven AXES
system definition. Also data flow can be separated with respect to
differemt layers of implementation. These featores allow us o look
ai system interfaces which are relevant at the ume they are
relevant. We often hear the complaint from system designers
about the problem of attempting to design a system “top-dosn™
and then being forced to add details of implemetation an a lower
level of the iop-down design when resource allocation is ad-
dresied. This forces an iteration of the design process in onder to
incorporate the extra dewils of implementation back at the top
and down through the top-down design 1o maintain consistency of
the overall design. (Some designers merely add that extra detail
without worrying about 1t becauss they don't know what 10 do
with it, except to say it came from some other system; but then they
lose track of its inflluence on their own syitem and the influence of
their own system on other systems. )

In order 1o resource allocate a given systemm 1o & panicular
machine, it is necessary to define both the system and the machine
in such a way that a change 10 one won't affect the other. [tis also
necessary bo define the machine in such a way that the users of the
same machine only affect each other when they are explicitly
defined to affect each other.

Whenever we want Lo separale a system from the specification
of its execution, we specify one layer for the system and another
layer for the machine that runs that system. Likewise, that same
machire can be looked upon as & sysiem with respect (o the
machin: which execuies it. To implement System R, for example,
8 user nuight want to “run™ B on the Os system. He could express
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SUCH AR IMPEMENELLE b
R an Os;

or he could express a more detailed implementation as
Rnﬁnlﬂﬂﬂi. -
Where A is a RECORD,
l i & FILEI-
m is @ LOCATION,
P is o ROM;

In AXES these or similar statements can be used as long as the
§yntax and the semantics of the syntan are defined using AXES.
The process of implementation continwes until we arrive at the
layer of a pnmitive machine. Congider polential resource allo-
canon steps for a system within which NAVPAK might reside:

Determine system: (n
5 ir System;

Determime 10 2
Where 5 om (X%}

Determine algorithms: i3

(®,X3)
Where (x,,8:) on Navpak;

Determine O5: i4)
%= NAVPAK (x)
HWhere Mavpak on Executive;

Determine NAVPAK computer: {3)
Estate. = Executive]{ Estate, |:
Where Execuiive on PDP-11; 70

Ciomnpuier: (&)
Cstate, = PDP-11/ M Cstate);

Becawse cach layer is defined as a comral hierarchy, each
machine that runs & system is able to use that system description as
data and therefore has access (o information about thal system’s
ordering relationships as well as that system’s data relationships.
With respect to the six different layers for System S shown above,
any one of these layers can be replaced by apother implementation
layer. If we want 1o move Navpak Lo anoiber operating system, we
change Step 4 1o name a new Os for Mavpak and replace Sieps §
and &. Il we wish 1o design o new algorithm for the same computer,
we change Step ) and replace Mavpak with a mew algorithm and
Lhen replace Steps 4, 5 and 6. If we want to move (o a new
compuier and our operating system is independent of its compuaier
{as it ideally would be), we can change Step 5 1o refer to anather
computer and we then can replace Step 6.

The execution of a syilem 15 a conlinuous process af resource
allocating system objects for the purpose of commumication and
processing the communicalion between these objects, where that
communicition determines the next step of respurce allocation.
The swart of an execution of an object is like the process of one
ohject mentioning another object by first calling its name and then
aperating on the object itsell,

By execuling & systemn we realive the implemeniation of a
system. An enginesr can manually execute a systermn with the aid of
a pencil and paper. One, however, more commonly thinks of
COMPUIErs as ¢xecuting a system, In both cases, this execution
process s 8 dymamic one. In the dynamic process Wwe execile &
system instance by instance. Each instance is & periormance pass
of the system.

Sometimes a system is viewed statically. In this case an enguneer
or a computer observes the description of a system by eyeballing
statements or instructions. Examples of such :utmm:mthm
performed by a compiler or an inerpreter. An Os could view a
system in both its static and dynamic staies, :

When we wish 1o define a set of systems 1o communicate with
each other, we define a system whos: purpose is to control ther



commumication, Ln ofder 1o OelINE SUCH & SYMEM, We Dave
availakle & 3=t of rules which will help us determine how to
properly connect systems, As an example, consider two Systems
which are to be resource allocated to directly communicate with
each other. A primitive control structure exists which provides Lhe
rules for properly defining two such systems, i.e., one of which s
dependent on the other. Since we are in the specificationsta- ¢ ¢
will choose to have the system reside on the control map, which 1.
our case resides on a piece of paper. [t conbd just as well reside ona
grapliics device. Here the primitive control structure, composition
{Figure Ja), is used as a model for organizing our functions. That
syviem which controls their communication is their controller.

0= fil)
Where fo, 11, Iy are FUNCTIONS,
I. t, O are af some (vpe

0 = fi1) t = {41}

(A} Primitive Control Structure, Composition

Y = A{x)

Where A& ix g constanr FUNCTIOMN,
x. v, gore INTEGERS:,

y = B(g) g~ Clz)

(B} Use of Composition

Figure ). An Example of the Resource Alloceilon
of Sysierms Communicating on the Same Layer

Wi can tell from this control structure that amy {unction can be
“pligged mto™ fp, 1, and {; as long as it follows the rubes of
composition since fo, fi and f; are defined as functions { Appendix
I1). A user of the composition contral structure conld plug System
A mio the structare as [ollows:

Where A on o, Ay on [y, Az on B

Or, in Figre 1b, we have another example of the use of the
structurein ' gure 3a. Here, A, B, and C are values fo7 fa, f; and 1
respectively.

In this wee of the compositon control structure, A controls B
and C to communicate with each other an the same layer. A, asa
controller, can be thought of as pving contral commamnds where

C when 1
B when g fram C.

(Motice that B & viewed as a being and C 15 viewed as both being
and doang by A)

Since A i1 & constant function, it follows also that B and C are
congtani functions. Thus B and C are on the same layer of
communication since both always relate to the same instance with
TESpECt o An

The control relationship of A, B, and C are defined by
composatian, whach is defined as an AXES based STRUCTLURE,
Join (Appendix [1). Other control streiures exist for the purpose
of providing a controlled communication between systems. These
include the other primitives, set panition (decision making) and
class pariition [parallel processing or independent functions)
From & combination of primitives, we can form maore abstract
conire] structures (e.g., recursive functionsk The rubes for the
control relationships of the primitive comtrol siructures are
described in Appendix I Similar rubes exist for every defined
AXES control structire.

The syntax that is associated with such STRUCTURES is used
manually by a designer to define system specifications, The

RAURPEES G SRS S TR BRI LIaE W i & o L
T RE by writing the equivalent commands into a register instead
of on a piece of paper. One way of specilying such a command is
through the AXES on statement, These structures provide the
mechansm for sysiema on different layers to communicate with
each vimer in that the structure provides 8 means for an instance of
one syslem to communicate with en instance of another system by
simply adhering (o the relativnships of the structure in real time,
We uwse such a concept for the communication berween
functions in an asynchronous environment, For example, &
control striacture which can be used to define an interrupl is

STRUCTURE: (yi,y1) = Xehix;,x;)
Where ¥i¥n51,5 are of fome [ppe;

W = idi{x ) Comclude v, = idfix.x)
S¥NTAX: (v, = Xehix,

END Keh;

Here, the universal aperations, id] and id?, themselves defined
in ANES to select a value from a set of walues, as well as the
Ceaniriclude, which is one of the structures defined so that we can
access the same value more than once, s used to define Xch®,

Il. AUTOMATIC VERIFICATION

Once it b determined how (o automale Many manual procesaes,
it is possible to streamline these processes without actually
avtomating them. Manoal verification of a system devign using
AXES=like syntax has uncoversd design inconsistencies [e.g.,
preliminary analysis of a Navy message processor specification
upcovered 29 errors, 17 of which would have been found by an
automatic design analyzer [21].

Sometimes we can support a manual process with an automatic
tocd. The Structured Design Diagrammer! [ 7], an aid to manual
verification of structured programs as well a5 & documentation
tool, resulted from such an incremental Approach.

Automated lools can be developed lor bath sustic and dynamic
verification. The struciuring executive s an example of an
automated (ool that can be developed for dynamic verifbcation
[17]. Automatic analysis of interface correctness can be provided
on & stalic basis (without execution) by, for example, & design
analyzer [17]. The manner in which a design analyzer can be uaed
for statie verification i discussed Bbelow.

A, Dresign Analyrer

The design analyzer is intended to check the consistency of a
specification written in AXES statements. As a visual aid in
determining valid functionsl relationships, the design analyrer
produces &n automated version of a control map (a graphical
representation of an HOS control hierarchy). The design analvzer
alse aids im the design verification process by means of heuristic
algorthms to check a data iype specification and proof-of-
correciness algorithms 1o check the contents of a specification,
interfmce Consistency

Analysis of 8 svstem specification lor inerfac: conaistency
requires a syntactie verification of sach function decompositian.
Decompositions can be analyzed directly, acer 'ding o the
considerations outlined for primitive control struciures. I &
structure of a given system is encountered in the static analysis,
which cannal be fopmed from the primitives, then it 15 not a bega’
farm for decompaosition and will be d<clared to be in error. All
relationships, which are lound to be consistent with the rules of the
primitive structures, are considered to be correct
Duts Type Analysis

Drata-type - pocification technigues for AXES are based on the

*We named this sirecture after the XCH imstruction, o the Apollo
Guidsnce Computer (AGC), which war wsed 1o perform an interrupt,
FMaw being specified in AMES and implemented in PASCAL /! P for the
MUST ss58em [E] as 8 multi-lapguage stroctured design diagrammer.
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abstract data types and the primitive operations performed on
them withoul preseribing a manner of implementation,

The problem of guaranteeing that axioms are consistent is much
simpler for the system designer than that of insuring that every
necessary characteristic of the desired data object has been
incheded. This fact is reflected in the formal theory of algebraic
dats type specification. It has been shown that it is impossible, in
peneral, to verify a set of axioms mechanically [23]. The complete-
ness and consistency of a data type specification can be mechan-
ically guaramteed, however, if the designer systematically limits the
complexity of the axiom definitions and requires that the opera-
tions be both primitive recursive and 1otal. These limitations
Appear not 1o eliminate any axiomatizations that might be usefiul
in specifying computational systems. The complexity of the
axioms may also have to be limited to allow human comprehen-
sion of the overall data type specification. This may be neceigary
to gusrantes that the defined data object 15 really the desired one.

This systematic procedure can be implemented a5 automatic
dﬂlp'l verification heuristics, These can interactively assist the
system dexigner in generating & 81 of algebrae data Lype axioms
that are suilable to mechanical verification of consistency and
completeness, An absiract dats type specification process would
begin with the syntactic definition of the primitive operation
interfaces [24]. The system designer wall derive this information
from what be knows about the desired op 2rations, their domaing,
and their ranges, Once the data types have thus been specified, the
design analyzer can then verily the axiomatic consistency of each
instance of & primilive operation in a sysiem control map.
Proal of Correciness

The interface consistency checks of the design analyzer will
verify that a specification is complete and consistent, but it will not
verify that the salution s the correct one 1o selve the instial
problem In AXES, we are free to define any operation we want on
an already defined data 1ype as long a3 the operation deflinition is
congstent with the data axroms of the type, New o o ciun e
characterized either as OPERATIONS or as DERIVED OPER-
ATIONS [18]. An OPERATIOV is specified in AXES in the
form of & control map. A DExr D QPERATHOWN is specified
by means of assertions that describe the behavior of the OPER-
ATION with respect ta other already defined OFERATIONS,
When we implement a DERIVED DPERATION in AXES with
an GWPERA TION, that implementation must satisfy the asserions
about that DERIFED OFPERATION. It 15 envisioned that the
design analyzer will have techniques for verifying that the
DPERATION is correct with respect 1o the properties of &
DERIVED OPERATION.

i * -
w Fimg this sppranch B i possible 1o define

I¥V. THF NAVPAK STRUCTURE
A. An Aviomatic Requirement Specification

The Navpak system is intended to update navigational param-
etery of earth-referenced salellites with imaging data transmetted
16 the ground from the satellite. The feasibilty of an approach in
which orbit and auitude estimates are obtained from landmark
data extracted from earth images generated by an on-board
radiometer has been investigated [16]

The imaging data s used to determine orbil and atfitude state
from landmark observations. [n addition, when the orbit and
amitude state & precoly known, the imaging data s used to (1)
determine geographic coordinates of a landmark identified by
pixel coordinates (i.e., line and element of o point on an image as
seen by a satellite), (2) determine pizel coordinates of a landmark
identified by geograp.ic coordinates. This example is intended Lo
provide a specification of user] machine relationships for the case
in which the orbit and atiiude state are not precigely known.

The process of determining orkil and attitsde can be done with
varying degrees of antomation. The most manual approach is one
in which the landmark chservation is obtained from the user by
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dirpluinms the bmaie dais fretmeved from dots svsibsiie an fije-
directly on graphics devices, In this case, the correlation function
(1.2., comrelating the geographic and pixel coordinates) is & human
function. The function relating the observation to the state is
performed by a computer. Here, the compater processing includes
the computatios of the landmark time from pixel coordinates,
integrating the best known orbit/ altitude information to the time
of the geographic coordinates of the landmark (the time i
geometneally computed from kpows geographic coordinates
associated with the center of an image), compiting the uncertainty
of the obstrvation (in terms of & correlation with an elliptical
shaped “window™), and, upon uscr request, an orbit/ st tude/
covanance matna update based on & classical “weighted least
squares” platistical estimavion algorithm [16].

A total sutomation of orbit and attitude determination involves
agtomating the correlation fanciion mvolved in the landmark
registration in which preprocessed landmarks are input 1o the
Navpak system and processsd automatically one at & time (ie.,
sequential staie updates). When orbit/attitude information i very
imprecise, total automation is not feasible. Al these times, user
interiction wiih the processing system is essential 3o that & user
can make the ultimale decision as io wheiher & particular
observation shoukd be incorporaled o not.

The interaction, or relationship beiween the user and & machine
syslem is descnibed by the AXES STRUCTURE, Mavpak, An
AXES STRUCTURE is used to define relationships among
fumctions, The funcuons, themselves, may be variable in &
STRUCTURE. The user chooses the values of the wariable
functions and data of the Navpak structure that will specify an
instance of the Mavpak STRUCTURE as a function. The
mechanism zvailable 10 the user 1o choose theie values i the
syntax of the Navpak STRLUCTURE. This syntax is analogous (o
the user "menu™ in that all of his svailable options are specified
throwgh the vse of this syntax. The syntax cin be specified in &
manner familiar to & Mavpak wser as long as each variable of the
STRUCTURE, ie, function and data, are referenced within the
symtax®. The inerface between the user and Mavpak, Le., the
syntax apd the semantics, can be auiomatically checked by an
AXES anslyzer for consistency. The Mavpak system described
here is designed for cutomatic processing with the capability for
manual gverride i crecial processing decisions. LUser oplions
include the ability to contikue procesiing data or fonetion (ie.,
repect an override option), reject data or function, or override dats
of function.

That s, the user may override the wehicle stare data, the
landmark measurement daia, and the earth image data as desined.
If the user choe =5 io override the default vehicle state, x, e may
enter @ new covariance matrix, ¢, a new satellite position, p; and
velocity, v; and [ or & new satellite attitude, o; all ar Tated with a
particular time, L. The user may alio overfide .. automatic
carrelation of & landmark with & known ymage and is ultimately in
contral of @ measurernent dr FPoralon.

The machine system that interacts with & Mavpak user will
initially seleci a defaul scene {which contains an image) automati-
cally. If the user is dissatishied with the default selection, he may
override this data and enter any scene be desires. When the user
exercises this option, the Navpak machine checks the validity of
the owerride and, if fawlty, informs the usesr who may then cnter a
new SCERE BAME.

The Navpak syilem requires a largs amount of data o be
processed. Although much of the data (such as the images and
preprocessed landmarks) are intended to be implemented by file
representations, this description concentrates on the properties or
characteristics of the data leaving unspecified a particular mple-

*The syntax for STRUCTURE Mavpak has mot been specified here,
since move familiarity with the user “menu™ is needed before daing
a0, Note that each substrscture of Mavpak would &leo have B synia®
pssocinted with i, That is each subsructure symtas would be asio-
cinted with a portion of the user mew.



mentation. [t is the intent of this specification to functionally
represent the system so as 10 lead the way towards an efficient
implementation. The data was so complex for this system that we
chose Lo devise separate AXES STRUCTL RES 1o describe many
of the objects used within the Navpak structure (Figure 4). The
structures in Figure 4 will be used for many substructures of
Navpak,

In each structure of Figure 4, each variable is associated with a
data type or a dats structure whose compunents are of some data
iype. An example of a data-type specification used here can be
found in Appendix III. Examples of the use of a data-lype
specification which indicates the possible walues a variable can
represent, .8,

covanance o & MATRIX;
is shown in Figure 4.

STRUCTURE (covariance, posilion, wlociny, aitinude) = Stafe (lime);
Where covaniance s a MATRIN,
(position, velociy, atiniude} are YECTORS,
uime o a TIME:;
END Siate;
(1]

STRUCTLRE (wmage, parameters, cenbef) = Scene (dentifier),
Where identfier is an ADDRESS,
center s gn Odbservation,
image i+ a MATRIX,
(scan, solarDeclingtion. bodyrates) replace paramelers,
(scEm;, soang) repiloce soan,
[scaf, scan;) are SCALARS,
solarDechination i am ANGLE,
Bodyrates o MATRIX;
END Scene;
Bl

STRUCTURE: prel = Observauon (geographscCoordinates);
Where (1) rephice plel
(lmtitude, longitude) reploce geographscCoording bes,
(Lep are INTEGERS,
(Batitude longiude) ore ANGLES.
EN P Observation,
L]

STRUCTURE: & = Landmark (&)
Where & i on Observation geographicCoordinates latitude,
& 1y an Qibservation geographicCoordinates longalude;
END Landmark;

]
STRUCTLRE: | = Chipim);
Hhere 0 it an ADDRESS,
lis o Landmark,
image ir 4 MATRIX;
END Chap;
(E}

STRUCTURE: (pasitenn, vebocaty attitude) = ViehicleStatelthmel;
Hhere tame 4 o TIME,
[ position, velocity attitude) are YECTORS;
EN D VehicleStane,

iF

Figure 4. Structures Used &3 Diata for NAYPAK
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We can also use the structure specifications, themselves, to

indicate possible values & variable can represent, e.g.,
K i5 @ State;

From the definition of State in Figure 44, “x™ represenis an
instance of a funclion in which & unigue time wentifitation &
amociated with the otker components of “x” (e.g., covanance,
position, tc.). Likewise, sach Scene instance (Figure 4B) has a
unique address (or name) associaved with it

We can also use the structure specifications to indicate all
instances of a function. In the example

lir Landmark;

“I" represenis a st of Landmarks where Landmark is defined in
Figure I1L}. The implementation of | as & file represéniation may
be a natural thing to do if | has many components. When [ isto be
wsed in an instance of Mavpak, where | is retrieved (e.g., from a
duse or file) can be determined by analyzing the access rights shown
im the functional specification of the user system.

In some cases, struciures are defined in terms of other struc-
tures. For example, Chip (Figure 4E}, a set of landmarks and
images where each Landmark image pair is identified by a unigue
name, is defined in terms of the Landmark structure. Landmark,
itsell, is defined in terms of the Observation struciure (Figure 4C).
In some cases, closely related structures are defined separately for
modularity (e.0. Figure 4F and Figure 44).

The relatronship between the user option to lerminais Navpak
and further processing of Mavpak s demonsiraied by a contral
map and corresponding AXES syntax (Figure 3), The user option
in Figure 5 is the selection of & value of “a™, which, in the ase of
Mavpak, specifies & particular operation that produces & constant
value for rhe output variable “a" (irrespec.  of any imput value).
That is, K., delines a set of constant fanction, (see Appendix 11 for
the universal primitive operations of AXES, one of which 1s Ke).
The leaves of a sarueture are either unspecified functions indicated
by a unique identification related to the structure name [17],
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UMIVErIAl OPEFELIONS, OF SPECilict SIUCILIGS, dun ra s pak, suses 28
other leaves of the structure are specified, only a’ is a user oplion.
In some other structures, if a leaf is unspecified, the user is required
Lo specily & particular function. The primitive control structures of
AXES arc examples of structures whose botlom leaves are
unspecified functions (Appendix I). Now suppose during the
exccution of Navpak the user ignores his option to terminaie
Navpak. That is, the value of "8 is Reject {Reject is a specisl
vlue of every data type in AXES that indicates an imvalid valoe
({Appendix [}). In this case, processing of the function representsd
by “Proceed™ in Figure 5 is initiated. If a 15 valid, then the user has,
in effect, accepted his option to terminate processing and the
constant function, Kuge:, will be choten 10 be executed. Note that
a' is defined to be of an unspecificd data 1ype. This leaves the
particular type specification to be left 1o the user,

The Navpak structure, as we will see shortly, is recursive. Each
time & particular Landmark has succesafully been updated or
rejected, processing returns to the next recursive Navpak instance
within the Navpak sysiem. When the user has decided 10 continue
MNevpak, be may first choose o override the default covariance
matrix by specilying a value of “cov'™ (Figure 6), Whether he
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Figure 6. Definitbon of User Dpilon to Qverride

Deefault Covariance Mairix
overrides ihe default or not, processing will continue with
OntoState located a: both subnodes of “Proceed,”. If he chooses
to acoept the default ~alue, OntoState will be selected using all
defauli varinblei. I the user selects a new covariance matrix,
OntoSiate is selected with the user-defined covanance matrix
replacing the default valve, Note that STRUCTURE Proceed
does mot check any constraimts on the value of the default
covarianes matrix other than if it exists or not. 1f the specification
were (o be adjusted 1o detect more specific constraints, only the
=Cinto5tate”™ located at the lefi-most subnode of *Proceed, ™ need
to be replaced, The remaining Mavpak siructure need not be
meadified.

CTOHC THEE fMriaSiate ﬁl\nrqd-ﬂ the user with the aption to
override vehicle state data (Figure 7). At this point, the it
varmbles associsted with OntoStaie may represent & combination
of user supplied and default values. Note that since v has been
defined to be a VehicleState, the definition of the types associated
with the components of “y" can be located by referring to the
VehicleState definition. Again, further constraints on the user
may be inseried at the lefi-most node below “OnioState,”, as
desired, without impacting another part of the Navpak structure
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Figure 7. User Dption to Override Vehicle State
Default {where y Is & Vehicle State)

STRUCTURE OntoScene (Figure B) provides the user with the
option 10 override the initial defauh sceme, Om subsequent Mavpak
instances, the wier will select & new et by exercising this option,
If the option is nol exercised, ancther landmark from the same
scene can be obtained (the decomposition of Ontolandmark
shown in Figure 9 gives the user the option to sebect a landmark).

If a user has selected & new scene (e, 5 # Reject in Figure 8). a
check is made to determine if any Landmarks can be seen from this
soene, Le., if the latitude of the center of the soene, . is == 85" the
seene is rejected, and the r :¥1 instance of Mavpak is initiated with
the original default scene value, In effect, we have specified herea
“restart” of Navpak by specifying the recursive invocation ol the
Mavpak structure. A check can sutomatically be made on the
vahee of the scene identifier to assune the user ke has made 8 vahd
chioice. This check is indicated by the set of mvalid addresses, 7, in
Figure &B*.

If the new scene is acceptable or the default sceme is to be
used STRUCTURE DatoLandmark is initiated. Here, the user
may choose & new landmark or accept one of the default set of
lendmarks. If & new landmark is selected (ie., m # Rejoct in
Figure %), STRUCTUREE 15 indtiated. STRUCTD'H.E.E defines
the landmark extraction process and the manner in which a user
can interact during the process. Here, the user can incorporate (or

*If desired, “T" can be unspecified in the structure and used in the synisx
of the OmtcScene sirecture o that & user may idemtify this et of
aildresses
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not incorporate) a new landmark, and thus spdate the permanent
MNavpak simie. In the event that & new lundmark is not acceptable
e, f x° s Reject described st the nght-most node under
“Omtolandmark, .}, the AXES Failure STRUCTURE is used as
an error recovery mechanism. That is, if E fails and a new
landmirk has been chosen, the next instance of Navpak uses the
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stafe, %, (which may be the onginal default value or the one
obtained by the user override) the last chosen scene (possibly the
original default one) and the defawit set of landmarks. If a
permanent state update has been accomplished (i.e, & valid value
of “x" has occurred), the next instance of Navpak is initiated using

the updated suate, 57 the last chosen scene, and the defaulr ser af
lamdmarks.

In Figure 94,
mis g Landmark;

The design, in its present form, does not sccount for a possible
user option to input a complete abservation, A user may want this
option if the sute is very imprecise. To modify the Navpak
structure to account for such & sew user option, only Dnioland-
mark;, and m need be changed. For example,

m ir an Obiervation;
would replace
m i g Landmark.
ang Wﬂhnﬂlﬂthl would be replaced with Ontols admark’; o

as seen in Figure 10, OntoLandmark’y; would check to see if the
Dbservation pixel existed or not. I it did exist (e, m Observation
pixel # Reject in Figure f), STRUCTI RE Observe would be
mitiated, Here, the permanent state would be updaied by calcu-
lating the Ume of the observation from geometnic considerations,
bypassing the automatic correlation funetion, and by procesding
io update the permanent siale upon user request. [f the m
Observation pinel does not exisi, Ontolandmark';,, would be
initisted. Note that Ontolandmark’ , has the same decomposi-
lion as the original OnloLandmark: | of Figure 9.

If & mew landmark has not been selected (e, m = Reject in
Figure 9), the user depends on the Mavpak sysiem to choose a
landmark automatically. Note that the data struciure of | is
defired in AXES syatax as

{1y, 1z} replace |

| iy Landmark;

defines 1 1o be a set of landmarks (refer to Landmark STROC-
U'RE in Figure 4). In Figure 9, 1, is & Landmark and 13 15 & set of
Lapndmarks. The set of Landmarks, Iy, exclude |; by using the infix
operator “-7, an operation which can be derived from the axioms
on daia type SET that have been defined inj 1 7). Thas describes | as
an ofdersd e of Lapncmarks. The data structore of | can be
described as the first landmark, 1y, snd “all “he rest™, I, b, in turn
can be represemted by & data structure thal describes it as an
ordered pair of the first and all the rest, | can be implemented as &
fibe where |s is the first record of the file and 5o on,

Here, definiig | as Landmark beaves open the opliom of
implementation {such as an array or fike) at the structure layer, I
the user desires a file Lo be used here, in the wse o the structure (Le.,
using the syntax of the strecture), the user can specify the imput
varsable that replaces | to be “on™ a file.

When the default lapdmark (m = Reject in Figure 9) s selected,
STRUCTURE E uses the first default landmark. If E fails, the
nest instance of Navpak i iritiated using the chosen state, the
chosen sceme, aid the jcesainder of the default landmarks.
Whenever & landmark i4 adequate ta update the state, x {Le., x°#
Reject descmbed at the nghtmost node under “Ontoland mark, ;™
in Figure 9), the next instance of Navpak 8 nitated uzing the
updated state, the chosen sceme, and the reminder of the defaul
lamdmarks. Note that if there are no remaining default landmarks,
Mavpak processing is ierminated automatically (c.f., *OntoLand-
mark;; " in Figure 9].

If the wser has selecied a new landmark, m, STRUCTUREE, at
the nght-most node under *OntoLandmark, ,~, atlempis (o use m
to update the perfmanenl state.

Il this fails, the mext instance of Mavpak wses the complete
default set of landmarks. I[f m is a good landmark and & valid value
of “a™" occurs, the next instance of Mavpak is initmted with the
default ser of landmarks In this way, a weer may change Lo &R
awlomatic mode al any Lime,

Cruring the process of dewermining if the landmark measure-
menl is suitable to be used 1o update the state, the user has control
in that he may override the automatic correlation process at
crucial decision points (Figure 111 The landmark extraction
function, Lmkrgs, integrates the wehicle state and coveriance
mainx 1o the time of the landmark and provides the dimensions of
the “window”™, ellipse, which describes the unceriainiy in the
measurement. The data structure of elhpse includes 1the scan-
angle, ¢, and out-of-plane angle, &, which geometrically correlates
where the satellite is and where it is pointing with respect 1o the
landmark observation, The landmark extraction flunction may
reject the measurement awtomatically if it cammod find the
landmark in the chosen scene. If the landmark extraction is no
successful, STRUCTURE E is rejected. If the landmark .xtrac-
tion i3 successful, the measuren.enl i@ auvtomatically correlated
with a preprocessed image of the landmark {found in chip) in an
attempt to find a betier measure ment time within the “window."™ If

where

362



m' = Onrolsrdmarkiad d g}

o = Bntolendmark (x5, 02,80

ey

LT lll-h..i_l_t;

== -:rnnl.-n-u-h!::.-.:.l T3 THF 3 = ﬂ!|“mrlzlfgl$_llt l-l:i-::-:'
= Hawpik[a® 1,1,z] #'' = Fla A8 eh FalTure e Havpek G0 20 2° = Ontowandmark, (LR TP o m Blm 50520 Faiberw o = Mgmmikfn,icl,,cl
1 2
1
(a) ke
2" = Nawpak et %, 0, .6 B oK [ 19 P 1
a '-I],ll'llc.ll-:-: Emjall ¥ '3"'1Hl"-'t
SERGCTURE, &' o DtoLEndmark a0 e}
whare (o' wres LLibed,
[T R - L
1 i Raredmart a' = fbolaedmari’y  Ceod,l e
! LI
C iw & LWip, .
I'I:I,I_zl raglace 1, o,
|I i@ & Laadmérk, x' s Dhigrvele.s. o m)

'l! T Hlﬂwfur\-hlrl-’l]:ll.

Foiw @ Lardeark

' e [ntll.-lnhrllt:-l..l.f..ql Copaie l-t,ql-.s..'.-::l.
!

1 '

|n.ia1.c,m] tadickar ' v OnEplArdmars,

o' = OnlELardmark Bly,a.0e0,

Partedion of |80, 108,07 ] an

II;:,n-' sEgm e B @ RREjECL,

!"l.l,' Emetilm e BRjEcL;

Wt ow Maepai]a® M ot Copeai o P uas o atiun

W= = Havpak (s

* e e Loh Faileer

el ]

LR I:III:Iclil.lnv'mllir't]:E EFFI:.L_-..H:I fajoin

! o = mpepa® a0k,

TR l“|tll:l'.|.'-!.;} Famizher w' luH_lel:.

PErtician af |8 _'!(1. 'IE.\::I @] am
By .I.,'-Il Ef'F 1y ¥ Regect,
M algear Dl Reject

mp Onfalasdeark;
k)
Figure 3. A User Optlon to Select 8 New Landmark

& negative correlation, g, is found, the measurement is rejecied
automatically. If a positive correlation is determined [(see "lier-
ate, Figure I2). the user has the optiom to incorporate the
measurement immediately, or if this option is not exercised,
automatic processing confinues until the ellipse is consdered
completely pearched. 1f at any step of this process, the landmark is
rejected, the error filiers back up the E structure. Subsequently, if

B3
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Figure 18. The Effect of 8 Meodification on the Mavpak Strechane

E fails, error recovery s achbeved, &s seen in the higher level
definitions for the Mavpak structure,

At each “better™ correlation, the user may decide to incorporate
the measurement (see “Incorp™, Figure 13 When the “best”
correlation is determined, the measured scan, ¢, and out-of-plane,
W”, angles are compared to a computed set of scan and out-of-
plane angles at node Fy in Figure 13*. The computed angles are
used to construct a new ellipse and the measurement 15 tested 10 de¢
if it can be found within the new ellipse (c.1., “QA" in Figare 7). If
the measurement is notd within the new ellipse, the Mcasurement i
rejected and the mext instance of Navpak is initiated. If the
measurement 15 compubed 1o be successful, the user may exercese
his option 1o reject the measurement if he is not satisfied with the
results. If he does aot exercise Lhis opiion, the permansnt S1ake o
updated, a successful instance of Navpak has been completed, and
the mext instance of Mavpak uses the new state for its mext
measurement,

*The submodules of Fy uee many of the modales described in Imikngs.
These submodules, described a4 operations in AXES, can then be used
10 determine the structare of Fi.
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B. Hesults

A structore of the system that relates a8 Mavpak wser o a
machine system has been presented, The structure was Jevised
from preliminary analysis [13] of available documeniation from
Grodddard Spacecraft Center [25] and conversations with Martin
Marietta steff. With this struciure, we were able to demonstraie
iechmiques which could be avtomated for manually verifying the
specification, the manner in which user npunu can be inserted
imo & functional specification and the sase with which modifi-
cations could be made.

In addition to defining the specifications presented here, we
investigated the landmark exiraction process in detail in order
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to; establish the interface between it and the Nas 3k structure;
determine modularity of subfunctions; determine deta types that
might be wseful to a designer of Mavpak; and determine potential
~onirol structures that would be useful to an engineer in specifying
algorithms.

We were able to determine the interface between the landmark
extraction process and the Mavpak struciure. The results are seen
in Figure 11.

We were able 1o determine the modularity of the landmark
extraction process and the results were osed to further specify the
mieadurement incorporation process for modules defined as AXES

Operations.
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which have been _ecified in [15].

An example of a potential control structurs that we determined
would be useful 1o an engineer in specifying navigational algor-
Mm_; i ons for integration. What is needed here, is a wav 1
specify what one wants to integrate separately from how one wanis
10 integrate. Also, such a stracture would nrovide the flexibility 1
Iniegrate as many equations as desired without modifying the
integration, A control structure would e devised that wouly
specify whar to integrate, A user could then write, in a standard
mathematical format, the equations desired to integrate. The
definition of the contral structure would specify how the inte-
grator would work, Example syntax for such a structune might be

Differenciate from b 1o L by AT on RungeKutta:
Ox/fn= hl:l;g%,g.fh
Dx/n= f:[!.\gﬁ,ﬁ.il.

where variables x and %, are to be integrated and RungeKutta s a
user input in the example, A mechanism smilar to this was
available as pan of ithe programming language th: engineer used
during Apollo [36] (akthough in the version used then, the user had
to contral both the loop than indicated the foor passes through the
Tourth order RungeK uta (there was only one integrator available
Lo the weer) as well a5 the integration loop).

V. SUMMARY

We used a seiellite navigation example as a demonstration of
design and verification technigues which are imtended 1o be used
for real-time multiprogrammed or muliiprocessed systems, The
specification language. ANES, was uted 1o specily this example to
demonslrate melhods for designing werdoczon oul of 2 system.
‘We performed static analysis of these specafications manoally by
following & checkisy that could have been performed by an
autlamatic design analyzer. Such an analvzer could be develaped
to analyze a set of AXES staiements defined for a family of
AVIDnECs systems, such as Mavpak.

I'n & system definition, we have cenain facts we must explcitly
alate ahoul objects and thesr felationships. We hasve strscares,
which-‘are objecis themselves, into whoch = can “plug” ohjecis.
We have rules 1o go with thesi structures and their respective
objects 1o ensure that the inmerfaces between Lhese objests arc
cofnect with respect Lo both communication and resowrce allocs-
ticin. In the process of defining = striscture or objects o go with a
structure, the designer discovers missing. inconsistent, or redun-
duny ohjects, In this way, the methodology supports the designer
in doing things he might not have done as quickly, or, in fact, wdo
something e might kave lorgotien about completsly. The methe-
dology can also lead the way to defining a system which is
modular. In doing so, the properties of mouulanty mot anly will
provide a mechanism to make self-contaico changes after a
desipn is complete; but these same properties ane even more aseful
along the wav, and eapecially in the very initial stages of design.
When the dessgner is zccuslamed to thinking about ar defining
new data 1ypes and structure definitions, he will abstract more
quickly and thus be abls 10 speed up his design process. (For
example, it is casier 1o work with a matrix or & landmark rather
than individual elements when it s possible to do so.) In defining
objects, the designer will think of other useful system definitions
that may not have occurred to him previously (for example, some
new operations could be derived from a data-type definition or a
combination of contral structures).

Having available an effective methodology 1o support .1.|'I|t
designer in decomposing a system imto managsable preces is a



powerful design tool. And. in addition, knowing when he s
through designing i crucial; for if he doesn't know, he erther runs
the risk of providing an incompléte design or of wasting time if he
is done and yvet still keepy designing.

Mol only must & methodology be effective, bul it must sl be
able to be used as well, and the resalts of that use should be made
available 1o others. Having an extensible library of mechanmms
such a3 a st of AXES statements can serve as managemmenl
standards as weli as wave & lot of time for everyone involved ina
project. Why should only one designer have the decimal system
available 1o use in performing long division when all the reit are
still trying to use Roman numerals [31]7

T vou know what an object is thal »ou wani to specify, and if
you know everything you need (o know in order to talk about that
object, and if you know how Lo relate that object io othér objects in
a formal, modular and wnderstandable way, then the design
peoceas. of specifying that object inchudes one of verification before
the fact. This i the most important type of verification of all, The
next type of verification, stavic verification, 15 used 1o check a
specification Lo make sure i has followed a seof rules with respect
1o being formal and modular. In the foture we envion that
existing dynamaic techniques and tools, such as simulators amd
GpEraling sysiems, can be much simpler simce certaln kisds of
verification thar . necessary without the use of formal methods
will no bonger be necessary with the use of formal methods.

AFPPENDI *
Preliminaries of HO5

In HOS, the decomposition pricess [or & syslem nesilis m & Lreg
structure. At the stwt of the decompaosition process, the entire
system is represented by the root of the tree which, hopefully,
represenls the requirerients for the system. This definition,
however, hins many implicit (hidden) requirements. In order to
arnve explecitly at the complete deflimizon of the system, the root is
decompased by replacing it with a soclal family {8 particular
parent node and all of ns offspring). which represents the
decompusition of the root. This decompasition process, that of
replazing a fvnctien by its nodal family, can be continued until the
entire system has been specafied. The resulting tree represents the
complete pyatem specifjcation, w* - the leaves represent prim:-
tive operations on the data types represented by the varables at
those leaves, It may wrm oat that during the decompositicn
process a requirement is shown Lo be erroncous or missing. Insech
& case, an ileration of the system description is required,

The parent node of the nodal family controls its offspring
When referring 1o this control relationehip, the pareni node will be
called & mrodule, and s offspring will bt called funcrions] The
offspring of the nodal family are the functions required to perform
the module's corresponding funciion (MCF) {Le., the function
that the nodal family replaces).

In the sections that follow, the vasiable that represents the
dommn elements of & function is referred toas the inper varicble,
and the variable that represents the range elements of a funci.on
referied to as the oulpur variable. Individual domain and range
elements may be called inputs and outputs, respectively.

A modulbe, in performing its carresponding function | Figure Al-
1}, 1 responsible for determining if the input= received are in the
intended domain of the MCF. If an input i not in e intended
domain of the MCF, it i in the unintended domain of the MOF
&nd maps 10 & special vabue which s & value of every data type, the
value Reject.

In & sense, the improper input element is not in the domain of
the module’s corresponding intended Tunction { MIF), but i i the
domain of the MCF, i.c., the module’s corresponding unintended
fusction (MUF),

Properties of the Primitive Control Stru tures
While a function car be decomposed in many ways, the HOS

*Excerpted from [27],
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Figers Al-1. [Dmtration of & Fonctlen from X Inis ¥

anioma [17] provide rules for the comstruction of nodal families
{i.e., the déecompaosition of & function). From these axioms, thres
primitive control structures, which are used for functional decom-
position, are derived [24]

Thess control structures are: composition, s parnifien, and
claes parfilion
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Figure Al-2. Figure AJ-3,
An Example of Composition An Example of Set Partitlon

Composition 18 ilustrated in Figure Al-2. In arder 1o perform
f:{x}, the function by must first be applied to x which resulis m
wvutput 2 2 thea becomes an input to [ whsch prodsces Lhe destred
range element of the overall function,

[t is important to observe the flollowing characteriatica of
compodation {charactenstics are explained with respect 1o the
example in Figure AI-2)

(1) One and only one nifspring (specifically [; in this example)

recerved acsess rights to the input data, x, from module fi.

{2) Ome ard only one affspring (specifically [ in this example)

has access rights to deliver the ouipuat daia, y, for module f.
i3 All other input and ouput data that will be produced by ofl-
spring controlled by i will reside in locel variables (specifi-
cally “z" in this example). Local variable, “r™, provides
communication between the offspring f; and 1.

i4) Every offspring is specified to be invoked once and only

once in esch process of performing its parent's MCF,

{5} Every local vaniable must exist both as an input veriable for

for one and only nee lunction and as an output varable for
one and only one different function on the same level.

Ser parnition, which invelves partitioning of the domain, is
illustrated in Figure Al-3, [n the example, the sct which comprisss
the domain is partitioned*® into two subseis. For set partition,
only one of the oifspring will be invoked for each performance of
the MCF at f (the determination being based on the value of “x”
received) and that offspring will produce the required ramge
element for its parent module when it is performing.

The following characteristics with respect to se1 parition showld
be observed:

(1) Every offspring of the module at f; is granted permission 1o

produce output values of “y™,

(2)_All offspring of the module at f; are granted permission 10

receive input valses from the vanak e =x™.

**Partitioning impliea the subdidision of the original set inlo non-
averlapping (i.¢., muluslly exclusive subsets).



(3) Only one offspring is specified to be invoked per input value

received for each process of performing s parent’s MCF,

(4) The values represented by the input variables of an off-

spring’s fumction comprise & proper subiet of the domain of
the function of the parent module.

(5) There is no communication between olfipring.

Class partition is llustrated in Figure Al-4, While set partition
involves partition of the domain into sobseis, class partition
involves partition of the domain variables into claszses and the
partition of the range variables into classes. [n the example, it is
assumed that the domain varable has an assoc ated data structur:
comprised of two paris, “x;" and “x;", Likewise, the rang: variable
has an associated data structure with the same number of classes a3
the domain's data stracture.

Avie ¥l 3 Thas, )

¥e = biaak o= g

Figure Al<d, An Exampt of Class Partithon

The following characierisucs with respect to class parition

should be observed:,

{11 All offspring of the module at f are granted permission o re-
eeive igput values waken from a partitioned variable in the
set of the parent MCF domain vanables, such tha each off-
spring’s sei of input variables 8 pon-overlapping and all
the offspring’s input variables collectively represent only
s parent's MCF mput variables.

(2} All offipring of the module at [ are granted permission to
produce output values for a paditioned variable in the set
of the purent MCF range vanables, such "hat each off-
spring's set of ouiput varinbles is non-overlapping and all
the offipring’s set of output variables collectively repre-
sent the parent MOCF variables.

(3} Each offspring is specified 1o be invoked per input value re-
ceived for cach process of performing its parent’s MCF.

{4) There ia no communication between offspring.

APPENDIX [I*
Preliminaries of AXES
1. Azea Syntax Description

AXES o & formal notation for writing definitions of systems.
These systema include systems which are mechanisms for defining
other sysiems, Thus, for example, we could define a set of
specification “macros™ which collectively could form a language
for defining & system or family of systems. Since each language
statermeni would be & definition *macro™ based on an integrated
Higher Drder Software | HOS) contral hierarchy [ 17], the resource
allocation o a particular machinme could them be mddressed
independently from the definition of the syatem. Alithough it is not
& programming language, AXES is & cor Jste and well-definsd
language capable of being analyzed oy a computer. AXES i
imtended o provide commonality between systema. Although
users will have fexibility to choose different bailding blocks, these
building blocks, when “compiled.” will bning lisers 16 a comMMmaon
meeling ground with all other users of AXNES,

AXES systems can be hierarchically decomposed into complese
system specifications with the use of absirgct control siructunes
that relate members of algebraically defined deta types. Three
primitive control struciures have been derived from six Axioms
that define completeness of control [24]. These primitive control
structures provide rules for the definition of communication,

*Excerpled from [1E].

paralicl processing, and selection of functions. From a comhbina-
tion of primitives, we can lorm more abstract contral structures
(e.§., recursive functions),

The syntax of AXES [18] provides the mechanisms to spacify
control struciures and data types. The purpose of AXES is o
ERpress a sysiem specification which is equivalent to that same
specification expressed graphically as a control map. Control
structunes can be described in AXES asstructores, up:m.'jmu_ud
functions. Whereas a structure is a relation on a set of rappings,
ie., & et of tuples whose members are sets of ordered pairs, an
operation i a sel of mappings which stand in a particular relation.
An operation results, mathematically, from taking particular
nappings as the arguments (nodes) of a sracture. By a fincrion,
wy mean a sel of mappings which stand in a particular relation for
which particular variables have been chosen to represent their
inputs and outputs. Whereas structures and operaliond can be
described as purcly mathematical constructs, a function is a
hybrid, consisting of & mathematical construct and a linguistic
condtruct, i.e., an assignment of particular names of inputs and
outpuis. Note that our use of “function™ is slightly different from
what is nieant by “function™ in mathematics. For the latter notion,
we use the term “mapping™ throughout this paper,

In AXEE, a new data Lype can be dcficed simply in terms of the
operations that are io be performed oa the data [18] That is, a
dats type is defined algebrascally rather than operationally by
making true siatements [or axioms) aboul the equality of two
control stirectosss in which all the nodes are operations. Each such
cantrol struciure is defined in terms of primitive operations of the
data type of imterest or of previowsly characterized priminive
operations of amother type (previously characterized primmitive
operations include umiveria' primitive operations that have been
defined, each of which is associated with any member of any data
type).

The axioms asssciated with the definition of a data type are anly
those we Aged 1o characterize the data wype. There are, of course,
aither operations that we find useful for other purposes. YWe are
free to define any operaiion we want onan alread y-defined type as
long as the operation deiinition 5 consistent with Lthe axioms of the
iype. & new ops.ation can be characterized sither as an DPERA-
TION ot as a DERIVED OPERATION.

in AXES we spacify the behavior of an operation without
specifing its decrmposition by writing it as R derived operation,
1.2, by means of true statemeats that describe the bebavior of ihe
operation with respect to other already-defined operations. Either
kind of operation could be writien &8 & control map, if desired.
They differ in how they are specified, not in what they are. What
distinguishes both of these kinds of operations from primitive
operations on their data type is that their existence i provable
mathematically from the existence of the primitive operations and
the axioms of the type, In fact, if an GFERA TION (which defines
a function) and a DERIVED OPERATION (which defines the
behaviorh are both wsed vo define the same function, the behay-
poral properiies can be checked againat the refinement propen.=.
to prive the correctness of & definition,

In de=cribing AXES we will use vanables and comsiants
themaselves Lo make statements about the values they name, and we
will wee the names of variables and constants to make statements
aboust the variables and constants themsehves.

To differentiate an object from its ma 3, we introduced the
“uwse-mention distinction™ [20] in AXES, That is, we can talk
about an object only by using a name of the object, (To1alk about
a man, for example, we have (0 use a sentence that contaimns the
man's narme, not the man himself ) The notation conventionally
used for this is enclosre within quetation marks. To form the
name of & given name (or written symbol of any kind), we i clede
that name {or symbol) in quotation marks. (Successive embedding
of quotation marks can be used if we want to talk about names,
names of names, and names of pames of names.)

In AXES, a constant symbol is the name of & particular value
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and corcsponds 1o a proper nown ke “Jobn.™ A variafie is the
name of mare than one posaible value and corresponds 1o &
common foun like “a man,”
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Figure All-1. An Example of Absivsct-Control-Sirocture
Diefinition Layers with Respeet to AXES

Far example, in Figure All-1, the top-most box i 8 description
of part of AXES itself, The top-most box describes the AXES
abpects required o definea STRUCTURE in AXES, The sentence

“STRUCTURE™ y “=™ § "["x")."
makes a statement about valoes by using the vanable =y™, 2", and
“1" and aboul constamt symbols by wang the quotation-marked
symhals such as ' STRUCTURE ", and " ="~

The middie box encloses an AXES object itself; tha is, the
middle box encloses the definitben of a language statement derived
from the defintion of an AXES module, The Cnmp-mrl'l-nn (Ca)
STRUCTURE. defined wn Figure AlL-1. is one of the three HOS
primulive contrel structures. Each primitive control structure has
heen defined as a STRUCTERE with AXES [18]*

The middle box encloses an iastance of the laver that the
topmost box represents. T we could describe all of the structures
that could possibly exist, then the complete set of structures would
be the laver that the wp-modt box describes,

Whenih a STRUCTURE in AXES o defined, the designer
supplies Lhe syntax (or description] 0 that a user of that structure
can desenibe partcular mappings that stand in the relation. For
enample, the bottom-most box in Fugure AlL-] encloses an AXES
object that 15 an instance of the Un strecture described in the
micdbe box of Figure All-1, thal is, the botiom-most box is the
defimtion of a system dernived from the definition of & language
statement, derived from the definition of an ANES module. In the
bettom-most box, “b= Kelate(d|™ describes a particular function
that *y = Cngl" represents in the middle box. Likewise, =d = Su-
pervisar (ac)” represents an instance of “g = Cp{x)™ In the
muddle box, the objects that "y", “g” and “x” represent are
described in the statement

Where x.y.g are af some [ypes;

This statement means that x, v, and g are vanables whose values
are of an unspecified data type. In the bottom-most kox the
HHERE statement 1 used to specily a particular data type, and
the operation, Conlact, is a partscular mapping

Oiher control structures can be derived from already defined
control structures and operations that operate on variables of any
type. Dperations that operate on variables of any type are called
universal operations, Primitive universal operations are defined as

*The SFTIAN for set pamitson is
y = fil'x) Ovherwire 'y = B'x)
Farnvior of (5.%) is any Porritior,
:}ﬁt'l'l'lﬂ left superscript ndica- +a member of 2 member of 2 pomiion
gt
The sveian for cass partition is
Vi = [ix, ) frclede ¥ = Frf::.].

x = Clone, (x) iy
JAx.x) = Clong; (x) (2]
coll = Kow(x} (3)
K = idlz{lh.l-l:l (4)
np = idfnin) (5)
{x1.%1) = 54x) {6}
x = Tixx) (7

17 and ( 2pare used ta specify more than one variable with the same
value. (3] is used o choose a constant symbol. (4) and {5) are used
to select the value of one of & st of vaniables, (6)and [7) are related
by T{St{x)} = x. These arc used tocreate a value of a data structure
from a value of a data type (1.2, 51) or to create a value of a dats
type from a value of data structure (i.e., T).

Linswersal operations have, as thewr bottom nodes, wniversal
primitive operations. Universal operations are defined as
STRUCTURE in AXES because they operate on values which are
variables.

We can now define a structure whose syntax can be used to
define more than one system having access to the same walue,
Here, we use the universal operation

y = udain)
which 15 used (o select particular variables oul of A se1 of variahles
as well as the universal primitive operation

(x.x) = Clone:fx)
tor deiermine the meaning of the relationship among the unspecs-
fied [unctions that appear as bottom nodes of the strueture
definition.

STRUCTURE: v = i)

Where v.gw.h are of some 1ype;
Where b s a NATURAL,

Wherea is @ SEC (af NATURALS);

y = Jilg.w) Join (gw; = J:x),

{g.w) = .ln-fli.;h-"m'n (x.x) = Clonegix);

£ = Do ixp fachide w wdiixk
g=Ji,.0h) Jainh = :d!'t::i]:

SFNTAX: ¥ = J'pl'E,'w:l E'ujar'n E= .I'|.|:,-|'I1]:,
END I

In using the syntax of a structure, an instance of the layer of the
structure definition can be obtained. In the Cofain structure, there
are actually four unspecified mappings besides the top node: I,
Jiyy o idy, id?. But in the use of the Cajoin, the value of “w™ and *x™
uniquely determines the particular 1di function, Likewise, the
value of “h"™ and “x™ uniquely determines the particular id?. Thus,
only Ji. 1y,,, need appear in the syntax of the Cojein definition,
The collective se1 of values that replaces the variables described in
the syntax can be traced to each node of the structure definition.
For example, if

(a,b) = Fir,t.s)
is defired as
{a.b) = Alp.q.r) Cofetr (pag) = Bir.t)
The first and second statement collectively form an instance of the
Corierin SLALELARE,
In this example,
“x" has the value “(r,t,5)"
=J" has the value “A"
"y has the value “{a,b)”
“g" has the value “{p,q)"



“w* has the value “r"
I'l'l|||;| " has the value “B"

and, since the input Lo F has three components, "b™ in the structure
definition has the value “3%, since “w" has the value “¢~, which has
one component, “a” in the structure definition has the value “I™,
and s0 on. The structure syntas names the objecis necessary so
that an instance of the structure definition i obtamed. Any
instance of & structure must itself be an HOS system.

In the Cojoin structure, systems that communicate with each
ofher can access the same value, Likewise, we define other
structures; one so that independent subfunctions can access the
same value (the Coirclude), and one so that subfunetions whoss
invocation depends on the value of the controllers input sei need
nat pccess the entire set of vanables of the input set (the Coeirher)
[32]

If the controller’s function & v = Fix) and ¥ = (¥i.¥e):

g = id afx);
h = idi{x);
then

S¥FNTAK. v = Alg) Coinclude v; = Bih),
SYNTAN: y = gl Coeither v = Bih),

Structures. in addition to the primitive control strectaies, 8.,
Cojerin, can be used to define other siructures. For example, the
Wherrhy, defined with the Cojoum, gives us the facility to use
constant symbols as operands of a functicn,

SYNTAX: Wherehy v = Wih ,CON);
The Whereby is used as in
y=g+ |

Here, the constant symbal “1" defines the particular Ko
opsration that makes the instanc of the HWherely structure a
Tunction Mote also that the operator “+™ (an instance of Wi used
as an infix operator. In AXES we are free 1o use sither prefix o4
infix notation, as desived.

We can visualize the instance of a siructure as being either
written down on a piece of paper by & human being, or Lo & register
by a software or herdware process. To check an instance in an
HOS system, the wse of a STRUCTIRE is compared with the
STRUCTURE definition itself by an anabyzer. All instances ol &
stracture cam be viewed &8 being supplied 10 the structure
dimamically. The STRUCTURE for an asynchronous system,
auch as an operating system or the Higher Order Machine { HOM)
[33], &5 & recursive relation relating each state of a maching Lo a
previous siate of the same machine within an instance of & maching
system. To check the instances of an asynchronous machine in a
real-timé environment, an analyzer is vsed 1o check not only the
use of the STRUCTURE with the STRUCTURE definition,
itself, also to check to see that all the users of that STRUCTURE
are consistent.

We indicate the potendial happening of each machine instance
by specifying & user system 10 be "On" the machine system, €.,
the syntax Where A on HOM specifies the initial nodal family of
system A to be used by the first machine instance and the aodal
family for each next recursive instance of the HOM function Ka te
be determined by the ordering relationships of the nodal families
within system A. A nodal family 5 a :-tuple whose members are
functions which stand in a paricular relation {e.l. Appendix I). By
indicating only “HOM”™ in the syntax of this structure, rather than,
for example *y = HOM{x)," the state of the HOM remams hidden
from the user,

II. Levels and Layers in AXES

In AXES we emphasize in our notation the separation of the
layers within one system of ketween systems. The layer relatiof-

EI“IH are defined witn e HREFE SEEIT iy 100 ooy s,

In particular, we dstinguish between m instance of a layer
{representing one performance pass of a syster)® and a loyer
(representing all performance passes of a system), We distinguish
between communicarion within one faper, which always repre-
sents the same instance, and commumication berween leyers,
which takes place when an instance of one layer commumnicates
with an instance of another layer (e.g.. real-time asynchronoys
processes). Wy distinguish between (1) the system and the
definition of that system, (2) the svstem and the description of that
system, (1) the sysiem and the implementation of that system, and
{4) the system and the execution of that sysiem.

A machine ts a system which executes another system. There are
dedicated machines, asynchronous machines, and asynchronous
machines. A dedicated machine always performs the same func-
thon, Thus the “mapping™ of an AXES FUNCTION could be
wiewed ad a dedicated machine. A synchronouws machine must only
execute gne sysiem to completion before another system wuses Uhat
machine. An AXES OFERA TION could be viewed as a synchro-
nous machine. An asyrchronous machine may execute instances
of more than one system before either system reaches execution
completion: Thus, an AXES STRUCTURE can be viewsd as an
asynchronous machine.

The environment of a maching must be secure in that (1) a user
should not have to be concerned with any of the details that have
to do with its execution, and (2) a user should not be allowed o
have visibility into another user's environment.

In an asynchronous machine there are several types of data, all
of which must be maintained as secure dats throughowt all
instances of the machine. These wypes of data include (1)
temporary values which exist for one or more wsers, {2) values
from another machine with respect to the machine itself as & wser,
(3) values with respect to the variables of the machine iscli, (4)
walues which are functionally related to & previous instanceof the
machine syitem, (5) values which are functionally related ic a
previous instance of the machime fof & given instamce of & wser,
and {6) valwes which are lunctionally related to a previous in-
stance of the machine for a given instance of another machine.

The deffrurion (dynamic suate) of a system is egquivalent to the
formal semantus of a system. The descriprion (static state) of a
sysiem is equivalent to the syntax of a system. The implermenta-
tie {51ane siate which includes a system, a machine Lo run that
system, and the mechansms necessary to relate that system to
the machine) of & sysiem i equivalent (o that same system feady
te be exercised, The execution (dynamic state which includes a
system, & machine running that system, and mechanizms which
relate that system to the maching) of a system 15 that system being
exercised by a machine

Mot only must we be aware of the types of system layvers, but
we also must be aware of how many different definitions, des-
criplions, implementations, and executions are possible or po-
tzntially possible for one system. Most important, we misst deter-
mine those sates which are necessary and those which &re not
only unnecesiary but which are causing serious difficulties in the
developmient of a system. Towards this end it 15 necessaty o have
availabbe & means for determining both the types and the nature
and number of states within each wpe [32]

Sometimes the need for the defimition of the layers of & system
depends on how the system i3 1o be developed and executed. On
one project the userz might wish to compile source code before a
targel system is ready (o be executed, On another project users
might wish to iterpret the code in real iime. Thus, net only must
the layers of a system be determined, but alse i1 must be deer-
mined when, how, and where transformations from one layer to
another layer take place.

*as opposed to a devel whach is a step of refinement {or morne explicit
definition) within a given ingtance of a yer.
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of a value to a name. Resource ollocation aleo includes the lhiH-l!l"
to replece & name by an equivalent name or & value by an
equivalent value. Sometimes one layer is produced from another
layer by & third layer. Sometimes the description of a layer, as
opposed to the layer itself, becomes the object of communication.
Sometimes the same layeris resourcs allocated as a function Lo Sne
layer and as data to another layer.

The general copcepts of layer communication can be related 10
familiar examples. When two asynchronous proceises are in the
exccution mode, & valie from a given process is assigned 1o a name
(or varable) associated with another process. Conversely, that
other process assigns a value 1o the name associated with the firsgt
process. 'When an integer is imphemented, a rpecific representation
{or wmlue) for a specilic machine i3 assigned 1o the name
representing the imteger. When a compiler compiles an HOL
program, it assigns names (or registers) to values in order to
translate from ope description Lo ancther. 1t alio fulfills an
implementation fanction in that operations and data are replaced
with specific machine-dependent values. A compiler, im order to
operate on an HOL program, must be able 1o read the description
layer of the program as inpul for the iranslation process. In
addition, it reguires furiher mput of its ovwn in order o prowvide the
implementation layer of the program. An OF system has a more
comples job in that it 15 usually required 1o communicate with
bath the descripticn of a system and the systemn dsell. When a
fanction i refined to & lower kevel of more detailed Jancticns, the
control integrity of the values and names (rom the parent laysr
must be maintained at the layer of the offspring,

[deally, we want (o be able 1o define a system, as abstractly as
posszble; describe that system ina syotax we can all relate to; verify
that description; implement that system for 8 machine that will
talk direcily to that system; and collect the machine mechanisms,
and only those mechanisms, that are necessary to exscule a given
system. Im such a way we can eliminate dependencies on a
particular primutive machine until the very end of a development
process. For when we go from ope definition o ancther, lrom one
description 1o ansher, from one implementation o another, or
from ome exscution 1o another, we are really resoorce allocating to
another maching level. Thus, there should be oo need 1o resource
allocate for more than one grven layer at a time.

APPENDIX TIT*

Some Specifications Relating TIME

In “AXES Syntax Description™ [18] we provided algebraic
specifications for six ietrinsic abstract data types: booleans,
properiies, sets, naturalg, integers, and rationals. We have now
developed algebraic specifications for & number of other abstract
data types that are of particular usefulness in the specification of
operating systems and other machine-dependent software.

Time is an essential data type in any information processing
system. [t makes possible the scheduling of internal procysses and
pravides an interface between the computer and external events,
The essential characteristics of times are that they can be
distinguished from each other (this is a universal characteristic of
all data vypes, as far as we can tell); that they are linearly ordered,
50 that, given two different times, one always precedes the other:
and that they support & notion of time flow.

The data type TIME can be specified in AXES as in Figure
AL In the specification, Advance is the process of beginning at
the ume indicated by the first argument and advancing by the
amount of time indicated by the second argument. Notafter is the
relation that holds between two times if the first is earlier or
wmultaneous with the second. Equals is the relation of equality.
Using Notafier, rather than something like Precedes, simplifies tl.e
anwms consderably. Precedes is defined later as an OPER-
TION, as seen in Figare AITL-2.

*Excerpted from [29] and [30]

GAaiA §Ir 1,
PRIMITIVE OPERATIONS:
tiee; = Advance(time,, tmes};
boolzan = Notafter {lime time):
AXNIM 5
Where 1, 1, 03,0 are TIMES,
Where Moume g a comsrarr TIME;
1. Equaal (1,8) = True;
2. Equal it,tz) = Eqgual (il
1. Entails (Equal {1, ,1;) & Equal {i3,i:), Equal (&1,) = True;
£ Noptafter (ti) = Trse
5. Entadls (Motafter (1.t & Notafier (1:,0), Nowiber (6,01 = Tree;
6, Emtails (MNotafter ()t} & Notafter (8,1:), Equal (1:43)) = True;
7. Motaler (6, ) Mowfter (1,00 = Tree;,
B, Advamce (t Notime) = L
9. Advamat (1,5:) = Advance (13,1;);
10, Advance (b, Advence (1.L:])) = Advance (Advance(t..ti),l:)
11, Noiafer (Advance(t,, )0 ) = Nowsifen iy Motime);
END TIME:

Figure Alll—I. Duts Type TIME

(PERATION: b= PreceedsHu 12);
Where by bo by are BOOLEANS,
Where 1),1; ore TIMES:

b= And (b, b} o (BB = Feltigh

by = Notafuer(n A;) Codmclingde b = Fil ok

ba = Nod(byy Jour by = Egqual{i, i)

END Preceeds?;

DERIVED OFERATION: time; = Reverss{time, ),
Where 1 5 a TIME;

Advance (Reverse(t] l) = MNotime:

END Beverse,

DPERATION: 4 = Regresal: 1a);
Where i85 4.1 are TIMES,

1 = Advancst la] Cofoir @ = Reverseit):

END Fegress;

Flgure AIT1-2
Orperations Lsing Daia Typs TIME

Axiomsa 1-3 characterize equality simply as an squivalence
relation, because the concepiual structure of the time aotion & not
rich emough to support a specific equality relation, such asthe ane
op naturals, Axioms 4-8 impose a partial ordering on times and
Aniom 7 makes the ordering total (licear). Axiom & charscterines
Motime as the time for which Advance has no effect. Axiom 9 says
that Advance is commutative, and Axiom |10 says it is associative.
Axioms B and 9 vogether guarantee that Notime behaves as o time
ongn and a5 a null time increment. Axiom | | relaies Advanes to
ik linear time ordering.
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