








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































refer to a new address which will not agree with the one 
assigned to the same identifier when used outside the 
block. These requirements indicate that the table-tape 
must be able to operate as a pushdown store in which 
tables are handled as units of information. The top most 
table is designated the "active-table." All operators 
access only this table, while lower copies are inaccessible 
to the operators. 

Tabie-iape pushdown operations 

The niladic operators copy table and erasetable are used 
to control the table-tape as a pushdown store whose unit 
of information is a table. When evaluated, these 
operators have the following characteristics: 

1. They cannot be blocked. 
2. They return as a value the �~�m�p�t�y�-�s�t�r�i�n�g�,� E. 

3. copytaiJle has the side-effect of placing a duplicate 
copy of the active-table on the top of the table-tape. 

4. erasetable has the side-effect of erasing the active­
table from the top of the table-tape. 

Control of local and nonlocal identifiers 

The need for a special operator to provide initializa­
tion for nonlocal identifiers is best explained by an 
example. Consider a table-grammar having only the 
table-category ( . real·), and whose identifiers are 
alphameric strings beginning with a letter. Let a 
generation sequence proceed until a new inner block has 
just been initialized, a copy table has just been executed, 
and the table-tape contains Tl T1• Horizontal snapshots 
of the table-tape are oriented so that the active-table is 
on the left. 

T 1 = «. real· ) �~� a5) 
« ·real· ) �~� cd). 

Let the active-table T 1 be updated via create (. real· ) so 
that the table-tape contains T2Tl and 

T 2 = «. real· ) �~� k9) 
«·real· ) �~� a5) 
«·real·) �~� cd). 

Within the active-table there is no information which 
indicates that k9 is local and that both a5 and cd are 
nonlocal to the current block. In order that such a 
distinction could be achieved, a new expression must be 
defined. This expression is (·i· )replaces (·r· ), which 
when evaluated has the following characteristics: 

1. The evaluation cannot be blocked. 
2. The value returned is the empty-string, E. 
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3. As a �s�i�d�e�~�e�f�f�e�c�t�,� each instance of the specified 
resident category (. r· ), within the active-table, is 
changed to the specified incident-category (. i· ). 

Returning to the example given at the beginning of this 
section, if the expression (. nonlocal real· ) replaces 
( . real· ) were evaluated following copy table , then the 
table-tape contains TgTl and 

T 3 = «. nonlocal real· ) -7 a5)\ 
( ( . nonlocal real· ) �~� cd). 

A subsequent evaluation of create ( . real· ) would give 
a table-tape of T 4 T 1 

T 4 = «. real· ) �~� k9) 
( ( . nonlocal real· ) �~� a5) 
( ( . nonlocal real· ) �~� cd). 

In T 4, the desired distinction between local and nonlocal 
identifiers has been obtained. 

Examples of embedded blocks 

The BNF grammar 

(a) :: = [(c)] I [(c) (a)] 

(c) :: = (d) I (d), (c) 

(d) :: = 0 11 11 (d) I 0 (d ) 

generates the strings: 

(a )TO �~� [0, 1, 101 [1, 010, 0]] 

(a )TO �~� [0, 1, 101 [101, 101]] . 

(1) 

(2) 

(3) 

(4) 

(5) 

Now add the restraint that values for (d) appearing in 
the rule for (c) may appear only once at each level of 
self-embedding. This is equivalent to the restriction that 
an identifier be declared only once on each level and 
t.hat identifiers declared on an outer level may be 
redeclared on an inner level. Given this restraint, 
generation (4) is well formed but generation (5) is not, 
because 101 is repeated on the lowest level. The 
following table-grammar generates (4) but will not 
generate (5) thus satisfying the restraint stated above. 

(a) :: = [copy table (b) erasetable] I (*1) 
[copy table (b) (a) erasetable] 

(b) ( . nonlocal· )replaces (·local· ) (c) (6) 
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(c) :: = (d) I (d), (c) (2) 

(d) :: = create (·local· ) I (*3) 
{·local· )recreates ( . non local· ) 

Note that (*1) and (*3) are revisions for the table­
grammar of (1) and (3) respectively, and that the 
table-category (. nonlocal· ) enters the active-table in 
the rule for (b) and is utilized in the rule for (d). 

The following is the table-grammar generation se­
quence for the string given in (4) above. 

( )T * r (b \ I) l b1 1 rp rp a- 0 =} L I ,a erase"a leJ .L 0 .L 0 

~ [0, 1, 101 (a) erasetable] Tl To 

=? [0, 1, 101 [ (b ) era.setable] erasetable] 
Tl Tl To 

=? [0, 1, 101 [ (c ) erasetabZe] erasetable] 
T2 Tl To 

~ [0, 1, 101 [1, 010, 0 erasetable] 
erasetable] Ta Tl To 

~ [0, 1, 101 [1, 010, On 

where: 

To = E 

Tl = « . .t.) ~ 101)( (·t·) ~ 1)( (.(.) ~O) 

T2 = «·n·) ~ 101)( (·n·) ~ 1)( (·n·) ~ 0) 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

Ta= «.(.) ~ 010)«·n·) ~ 101)«·(·) ~ 1) 
« .(. ) ~ 0) 

and where (.(. ) stands for (·local· ) and (. n· ) stands 
for (. nonlocal· ). 

Recognizers for table-languages 

I\1uch work has been done on the problem of designing 
syntax-directed recognizers14 for languages defined by 
BNF grammars. This section will indicate that existing 
syntax-directed techniques for BNF can be extended to 
table-languages. 

Recognition-operators 

A syntax-directed recognizer needs a means of 
carrying out each event in the recognition sequence 
which corresponds to its dual in the generation sequence. 
For a table grammar this requires that a recognition­
operator be defined for each grammar-operator. While 
the same names ",-ill be used for both types of operators, 

the context will make clear which type of operator is 
intended. An additional recognition-operator, copy, is 
also provided to allow a limited form of deterministic 
recognition, The recognition-operators have access to a 
wo-rkspace which is placed on the top of the table-tape. 
The recognition-operators are defined as follows: 

copy: 

This monadic operator has as its operand a 
terminal character from a set of checkout-characters. 
The set of checkout-characters is fixed for a 
particular grammar. "copy c" reads characters from 
the input and places then in the workspace until 
one of the checkout-characters is reached. The 
operation succeeds if this character is "c" otherwise 
it fails. If the operation succeeds, the control is 
passed along this path with the workspace initialized 
for use by a subsequent table-operation. If the 
operation fails the workspace is erased and 
recognition must proceed along an alternate path. 

create, retrieve, recreate: 

These recognizer-operators utilize the workspace as 
their identifier input. If these operators succeed, 
they erase the workspace in addition to their usual 
side effects in the active-table. Since these three 
rocognition-operators require that the identifier be 
already present in the workspace, they must be 
preceded by the execution of copy which initializes 
the workspace. 

illegal, replaces, copy table, erasetable: 

These four recognition-operators are identical to 
their duals in a grammar. They neither utilize nor 
a.ffect the contents of the workspa.ce. 

A summary of the definitions for the seven operators 
for a grammar and the eight operators for a recognizer 
are given in Appendices 1 and 2 respectively. 

A recognizer for MAL programs 

The table-grammar for MAL can be revised to place 
it in right-linear form since self-embedding recursion is 
not employed. In this form a recognizer or generator 
would not use the pushdown store and would only need 
the finite control and the table-tape. A deterministic 
recognizer for MAL programs is shown in Figure 2. 
A copy with reference to the respective delimiter has 
been inserted preceding each instance of create, recreate 
and retrieve. In two cases table-operations provide 
alternative paths from a node. However in each 
situation only one of the possible alternatives can 
succeed. 



Key: 

o Sillple .tate. 

~ ri~l state. 

011 Stands for 011 ••• 19. 

~ tlDlabele4 link = 
~ =i~i: ~ ~ ~P~~; 

input strlna. 

...!!!!.L Default trauaitiODi 
follC11fe4 if all other 
transitions faU. 

Figure 2-A deterministic table recognizer for MAL programs 

Consider the three alternatives which occur following 
the path for goto: 

create ( . improper label· ) (1) 

retrieve ( . improper label· ) (2) 

retrieve ( . imperative label· ) (3) 

If the identifier in the workspace is not in the table 
then (1) will succeed, and (2) and (3)' will fail. If the 
identifier in the workspace is in the table, (2) will succeed 
if the selected table-category is (. improper label· ), 
while (3) succeeds if the selected table-category is 
(·imperative label· ). In each case there is only one 
path from the node which can succeed. If none succeed 
the device is blocked and the input-string is rejected. 

Languages with self -embedding recursion cannot be 
placed in right-linear form and would require the use 
of the pushdown store as part of the recognition scheme. 
Also not all table-languages will be deterministically 
recognizable using the copy operator with its checkout­
character set and workspace. 

Regular table expressions 

A regular table expression is an extension of those 
regular expressions where operators are limited to union, 
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catenation and closure. Limited regular expressions, 
when embe~ded within a context-free grammar, have 
been shownI5 to be useful both in the representation of 
the syntax of programming languages and in the 
construction of processors which automatically create 
efficient recognizers. This section will indicate that the 
use of regular expressions within a rule of a grammar can 
be extended to the domain of regular table expressions. 

Union, catenation, closure & distribution 

A regular table expression is defined recursively as 
follows: 

Let "a" be ~ny terminal, E the empty-string, and q, the 
null-set, then: 

1. Any element in the set {a, E, q" create ( . i· ), retrieve 
(·r·), illegal (·r· ), (·i· )recreates(·r·), (·i·) 
replaces (. r· )} is a regular table expression. 

2. If p is a regular table expression, then so are: 
copy table P erasetable and (p) * . 

3. If PI and P2 are regu~ar table expressions defined for 
the same set of identifiers and having the sam e 
table-categories, then so are: P1P2 and PI U P2. 

4. No string is a regular table expression unless its 
being so follows from 1 to 3 above. 

It is claimed without giving the proof that regular table 
expressions are closed under union, catenation and 
Kleene closure. However it is necessary to distinguish 
between the form of an expression and the set it defines. 
If LI is the language defined by PI and ~ by P2 aDd 
L3 = LIL2 it does not follow that L3 = PlP2. If L is the 
language defined by p, then it does not follow that 
L* = (p)*. This is due to the fact that various table·, 
operators record information in the active-table so that 
generations to the right of a table-operator may not 
generate the same strings as they would if they were on 
its left. The definition of (p) * is ~ pi where pO = E and 
fJ i+1 = ppi. i=O 

The laws of distribution are obtained by definition. 
Let p, PI, ... , p", be regular table expressions, then: 

p(pi U P2 U ... U Pn) = PPI U PP2 U ... U PP" , 

and 

(PI U P2 U ... Up",) P = PIP U P2P U ... U PnP . 

Replacing recursion by the closure operator 

In clause 1 of the definition of a regular table expression 
(given above), if the domain of "a" is extended to 
include grammar-categories, then two important identi-
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ties can be shown to preserve the generative power of' 
table-grammars (the proof itself is not given). 

Let PI, P2 be regular table expressions that have no 
instance of (a) within them; further let "(" and ");' be 
grouping brackets for expressions and let them be 
disjoint from the set of terminals, then: 

1. The rule (a) "- Pl (1'2) (a) can be written .,-
(a) :: = ({J2)*Pl' 

2. The rule (a) "- PI (a )(P2) can be written .. -
(a) :: = Pl({J2)*. 

In both cases, (a) is now defined without the use of 
explicit recursion. By the use of a uniform substitution 
for (a), it can be eliminated from the set of rules of a 
table-grammar. 

Extensions and limitations 

The following extensions of table-grammars can be 
readily achieved within the framework given here. Some 
limitations are cited which lie outside the present model. 
Additional extensions which can overcome these funita­
tions may be possible. 

A partitioned identifier set 

For some languages, the identifier set is partitioned 
by the definitions of the language. In ASA Fortran, 
if an identifier has no explicit declaration the type is 
implied by the rule: "names beginning with letters I to 
N are type integer, all others are type real." This rule 
partitions the undeclared identifiers into two disjoint 
subsets. To handle this case create would be replaced by 
two operators create-integer and create-real. For a 
particular grammar these new operators would· be 
defined to select undeclared identifiers from their 
respective disjoint partition of the total set of identifiers. 

Use of an implicit retrieve operator 

In a very large grammar, it may be desirable to omit 
the operator retrieve and let the table-category itself, 
appearing alone in the grammar, be in effect an implicit 
call, in which the effective presence of retrieve is to be 
understood. The generative power of the notation with 
retrieve omitted would be identitical to that where 
retrieve is explicitly used. 

Limitations 

A table-grammar, as defined here, is able to specify 
the declarations of scalar variables and labels. It is 
unable to specify all the restraints required for sub­
scripted variables and for procedure calls when argument 
lists are used. In addition, table-grammars are limit.ed t.o 

declarat ions where the identifier set is static. The 
IlVIPLICIT statement of Fortran sets up dynamic 
partitions of the identifier set. Even the extension of 
create given above is able to handle only static partitions 
of the identifier set. 
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APPENDIX I 

Table-expression Conditions Value-returned Side-effects 

create (·i· ) Selected-identifier must Selected -identifier Add to the active-table the 
be undeclared rule: 

( . i· ) ~ selected -identifier 

retrieve ( . r· ) There must exist within Selected -identifier None 
the active-table a rule: 
( . r· ) ~ identifier 

( . i· ) recreates ( . r· ) There must exist within Selected -identifier The selected rule is 
the active-table a rule: changed to: 
( . r· ) ~ identifier ( . i· ) ~ identifier 

( . i· ) replaces ( . r· ) None E Within the active..:table 
each (. r· ) is replaced 
by (·i· ) 

illegal <. r· ) The operation is blocked if E None 
( . r· ) is present in the 
active-table 

copy table None E A duplicate copy of the 
active-table is placed on 
the top of the table-tape 

erasetable None E The active-table is erased 

Note: (·i·) stands for an incident table-category and (·r·) for a resident table-category. E is the empty-string. 

SUMMARY OF DEFINITIONS FOR GENERATION-OPERATORS 
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Table-exoression 
.L 

copy c 

create ( . i· ) 

retrieve ( . r· ) 

( . i· )recreates ( . r· ) 

APPENDIX II 

Side-effects if operation succeeds: 
Conditions In active-table I In worksDace 

Succeeds if the next check- None 
out character is c 

Identifier in the Add the rule: 
workspace must be ( . i· ) ~ identifier 
undeclared 

I There must exist within None 

I 
the active-table a rule: 
( . r· ) ~ identifier 

I such that identifier = 
contents of workspace 

Same as for retrieve (. r·) The selected rule is 
changed to: 
( . i· ) ~ identifier 

~ 

Characters up to care 
copied into the workspace 

Erased 

Erased 

Note: a. the execution of copy must precede evaluation of expressions containing create, retrieve, or recreate. 
b. the definitions for illegal, replaces, copy table and erasetable are the same as given in Appendix 1. 

SU::vIlVIARY OF DEFINITIONS FOR RECOGNITION-OPERATORS 
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INTRODUCTION 

The problem of developing an adequate formal model 
for the semantics of programming languages has been 
under intensive study in recent years. Unlike the area 
of syntax specification, where adequate models have 
existed for some time, the area of semantic specification 
is still in the formative stages. Development of formal 
semantic models has proceeded along two main lines, 
lambda-calculus models (e.g., Landin,! Strachey2) and 
directed graph models (e.g., Narasimhan,3 Floyd4). 

This paper describes a model for the semantics of 
programs based on hierarchies of directed graphs. 

A formal model or theory of the semantics of pro­
gramming languages must provide descriptions on a 
number af different levels, much as the theory of 
context-free grammars provides descriptions of the 
syntax of programming languages on a number of 
different levels. At the most general level a semantic 
theory provides a framework for describing a class of 
programming languages and investigating the mathe­
matical properties of their formal representations in the 
model. At this general level the context-free grammar 
model of syntax has been particularly successful, giving 
rise to an extensive mathematical theory as well as 
providing characterizations of specialized syntactically­
similar classes of languages. One would hope that 
adequate models of semantics would lead to the same 
sort of mathematical development and to the classifica­
tion of semantically-similar programming languages. 

At a more specific level, a semantic model must 
provide descriptions of the semantics of particular 
programming languages, much as a particular context­
free grammar may be used to describe the syntax of a 
particular programming language. One· would expect 
the formal specification of the semantics of a program­
ming language to allow conciseness and unambiguity in 
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definition and also to lead to definition of new languages 
which are more "regular" semantically. 

At a still more specific level, a semantic model must 
provide descriptions of particular programs, and these 
descriptions must be construct able from the representa­
tion of the program (the syntax) in a straightforward 
manner. Thus it should be possible to construct a 
"compiler" which will translate a program in its written 
representation into its equivalent in the semantic model. 
From this representation the formal properties of the 
model may be used to guide further processing, by 
producing, for example, a more efficient program which 
is semantically equivalent or by translating the program 
into another representation, such as a semantically 
equivalent program in another language. 

At the level of complete specification, a semantic 
model must provide a representation of the data used 
by a program and allow execution of the program on 
the particular data. Thus it should be possible to 
construct an "interpreter" which will execute a pro­
gram-data pair in its representation in the model. 

The importance of the development of adequate 
models of semantics stems from the probable gains to be 
realized by their use, both in the area of definition of 
programming languages, where the formal definition of 
semantics should lead to semantically unambiguous as 
well as more easily intelligible languages, and in the 
area of processor construction, where it is likely that a 
better understanding of the semantic features of 
languages will lead to more powerful and efficient 
processing techniques for those features. 

The model for semantics described in the following 
sections is based on the use of hierarchies of directed 
graphs to represent both programs and data. The 
hierarchical graph or H-graph concept which is basic to 
the model is defined in the next section, along with the 
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concepts of "level" and "path" which serve as important 
structural concepts in the application of H-graphs to 
the description of programming languages. In a later 
section the basic semantic rnodei is introduced by 
structuring further the "atomic units" which lie at the 
lowest level of the hierarchy in H -graphs. Basic 
programming concepts such as "program," "data," and 
"execution of a program" are defined also. In the last 
section examples are given to illustrate informally how a 
number of semantic features of actual programming 
languages may be represented in a natural way in the 
model. Included are complete models of the semantics 
of particular Tlli~.u""lg machine, Lisp, and Fortran 
programs. Finally, a concluding section attempts to 
evaluate the model and view possible applications and 
extensions. 

Hierarchical graphs (H-graphs) 

In this section a generalization of the mathematical 
concept of "finite directed graph" is presented which 
forms the basis for the model of semantics presented in 
the next section. 

Basically, a directed graph (sometimes called a 
"network") is composed of a finite set of "nodes," and a 
finite set of "edges" connecting pairs of nodes in a 
"one-way" manner. Commonly, nodes are represented 
as circles or boxes and edges as arrows connecting nodes. 
Examples of the use of directed graphs in computer 
science include flow charts, automata transition dia­
grams, PERT networks, and representations of list 
structures and trees. 

Three extensions of the basic concept of directed 
graph are of interest here. The first two lead to a 
definition of "extended directed graph," and the third 
to a defin.ition of ((hierarchical directed graph." 

Extended directed graphs 

Informally, an extended directed graph is a directed 
graph with a designated node (called the "entry point") 
and with the edges leaving each node uniquely labeled. 
Formally: 

Defn: An extended directed graph is an ordered 
quadruple (N, L, S, E) where N is a finite non-empty 
set (of nodes), 

L is a finite set (of labels), 

S is an element of N (called the entry point), and 

E is a partial function from N x L into N, defining 
the edges. If E(n, p) = q, then there is said to be an 
edge from node n to node q with label p. Note that 
there may not be two edges leaving a node with the 

same label, but two edges leaving a node with 
different labels may end at the same node; thus 
"parallel" edges are allowed. Ignoring the contents 
of the nodes, every flow chart may be considered as 
an extended directed graph. 

H-graphs 

A hierarchy is introduced into a set of extended 
directed graphs (hereafter called simply "graphs") in 
the following manner. A universe U of atomic units 
(distinct symbols) is assumed. A hierarchical graph or 
H-graph over U is (informally) a graph in which the 
nodes are considered to be "containers," each of whose 
contents is either an atomic unit from U or an H-graph 
over U. Thus in flow -chart terms, the analogue of an 
H -graph is a flow chart in which each box contains 
either an "atom" or another flow chart, whose boxes 
may in turn contain atoms or flow charts, and so forth, 
to any depth. Formally: 

Defn: If U is a set (of atomic units or atoms), then 
an H-graph over U is an ~rdered pair (N, V) where: 

1. N is a finite set (of nodes or containers). 
2. V (the contents or value function) is a function 

mapping N into U U {x:x is a graph with nodes 
from N and labels from U}. If c E N, then V(c) 
is called the cun.tenl8 or value of c. 

Levels 

The hierarchical structure of an H -graph is brought 
out by considering the levels of its nodes. 

Defn: The level of a node c is defined recursively as: 

a. 1 if V(c) E U (i.e., if c contains an atomic unit). 
b. n if V(c) is a graph (N, L, S, E), the level 

of each node in N is in the set {I, 2, ... , 
n - I}, and at least one node in N has level 
n-1. 

If a node is not of level n for any n~ then it is termed 
a recursive node. 

Defn: The node set of a node c in an H -graph is 
defined to be: 

a. if c has levell, then A, the empty set, 
or 
h. if c contains a graph (N, L, S, E), then N U 

[ U {node set of x}]. 
xEN 

Thus the node set of a node is composed of all the nodes 
"reachable" in the hierarchy starting from that node. 
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Defn: An H-graph (N, V) is relJUrsive if N contains 
a recursive node. 

Defn: The atom set of a node c is the set of values 
of all level 1 nodes of the node set of c. Thus the atom 
set of a node is the set of atomic units "reachable" in 
the hierarchy starting from that node. 

Paths 

Along with the concept of level, the idea of a "path" 
in an H-graph is important in the development of the 
model of the next section. The concept of path will be 
defined first for graphs and then extended to H -graphs. 
Informally, a path in a graph from one node to another 
is just a set of edges which may be traversed in going 
from the first node to the second, passing from node to 
node along connecting edges. Formally, 

Defn: If G = (~, L, S, E) is a graph, then a path 
from node x to node y of G is an ordered sequence 
(x, ko, kl' ... , km) where each k i is a label such that 
E(x, ko) = nl, E(nl, k1) = n2, ... , and E(nm, km) = y. 
In general, certain nodes of a graph will have no ~dges 
leaving them. Of particular importance here are the 
paths which begin at the entry point of a graph and 
terminate at such nodes. 

Defn: A path beginning at node x is a path from 
node x to a node y such that y has no edges leaving it, 
i.e., such that E(y, k) is not defined for any k E L. 

Defn: A path in a graph G is any path beginning 
at s, where s is the entry point of G. 

Extending this concept to H -graphs, if C is a node of 
an H-graph, then (informally) a path through C is 
composed by taking a path through the graph contained 
in C, a path through each of the graphs contained in the 
nodes encountered in that path, and so forth down the 
hierarchy until level 1 nodes are reached. Formally, 

Defn: If G is an H -graph and C is a node of G, 
then a path Pc through node C is represented by: 

or 
1. if C contains an atomic unit A, then (C, A) 

2. if C contains a graph, then (C, P) where 
P = (PB, eo, pno, el, ... , em, Pnm) and (s, eo, 
... , em) is a path in G passing through nodes 
s, no, ... , lim and each Pn, is a path through 
node n,. 

Defn: The atom sequence of a path is simply the 
sequence of atomic units encountered in following the 
path. In the representation given above, the atom 
sequence is simply the sequence of atomic units (not 
including edge labels) obtained in scanning the 

Level 1 

Cl: I ABC C2: I 27 

C3: I QED C4: I 10 

Level 2 

C5: 0 
*Cl .. C2 

~to 
C4 ~ 1 C3 

C6: *C2 O. Cl 

Level 3 

C7: 
o 

*C6-..... -
o 

C5 ----.- Cl 

Figure I-Three level H-graph 

representation of a path from left-to-right ignoring 
everything except atomic units. 

For example, Figure 1 represents an H-graph, where 
Cl, C2, ... , C7 are nodes each of whose contents is 
given by the contents of the correspondingly labeled 
box. One path through node C7 is represented by: 
(C7, ((C6, ((C2, 27), 0, (Cl, ABC))), 0, (C5, ((Cl, 
ABC), 0, (C2, 27), 0, (C3, QED), 1, (C4, 10))), 0, 
(Cl, ABC))). 

The atom sequence for this path is: (27, ABC, ABC, 
27, QED, 10, ABC). 

Further development of the theory of H-graphs is 
outside the scope of this paper. This brief introduction 
will suffice for the purposes here. 

The basi8 semantic model 

On the basis of the H-graph concept, an elementary 
model of semantics is developed in this section, including 
definitions of program, data, and execution of a 
program. 

Program and data H-graphs 

The semantic model is based on H-graphs with a 
more highly structured universe of atomic units. For 
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the semantic model, the universe U of atomic units is 
assumed to have the following structure: 

U = D U (j> (D and (j> not necessarily disjoint) 
where D is a set of data units and (j> is a set 
of operator instances. 

D = Dl U D2 U ... U DlI (the D/s not neces­
sarily disjoint) where each D i is a set of data 
units forming a data type class. 

(D, = e.g., integers, reals, bits, characters, strings) 

Similarly: 

4> = 4>1, U 4>2 U ... U 4>m (4)/s not necessarily 
disjoint) where each 4>i is a set of operator 
instances forming an operator type class. 

(4), = e.g., "add," "multiply," "popupt 
"differentiate") 

Definitions: 

1. An atomic unit a E U is said to be of type T 
(where T is a data or operator type class) if a 
E T. Since type classes are not necessarily 
dis-joint, the type of an atomic unit is not 
necessarily unique. 

2. A node n of an H-graph over U is said to be 
of type T if the atom set of n is a subset of type 
class T. 

3. An H -graph is of type T if each of its nodes is 
of type T. 

4. A data node is a node whose atom set is a 
subset of D. 

5. A data H -graph is an H -graph whose nodes are 
all data nodes. 

6. A program node is a node whose atom set is a 
subset of 4>. 

7. A program H -graph is an H -graph whose nodes 
are all program nodes. 

Operator instances 

Although the concept of data type class is familiar 
from actual programming languages, that of operator 
instance is not as common. 

Defn: An operator instance Q is an ordered triple 
Q = (I, 0, f), usually written f(I; 0), where I is a 
finite set of (input) nodes, 0 is a finite set of (output) 
nodes, and f (the operator) is a function from X in to Y 1 

where X and Yare sets of H -graphs, each H -graph in 
X and Y containing the nodes in I and O. 

A typical example would be the operator instance 

"( {A, B}, {C}, add)" or "add (A, B; C)" 

with input nodes A and B, output node C, and operator 
"add" which maps any H-graph containing the nodes 
A, B, and C, and in which A and B have numerical 
values, into the H-graph identical to the original except 
with C containing the sum of the values of A and B. 

Execution of an operator instance is a primitive concept 
by which is meant the application of the operator to its 
arguments found in its input nodes, producing values 
found in its output nodes. When an operator instance is 
executed, it is understood that the H-graphs defined by 
its input nodes completely define its arguments, in the 
sense that given the same input H-graphs, the same 
values will be produced as output. Similarly, the effect 
of an operator is assumed to be localized in the H-graphs 
produced as the values of its output nodes, in the sense 
that if the value of a node is changed by the operator 
then that node must be in the node set of one of the 
output nodes. Thus the set of input nodes of an operator 
instance in a sense specifies the maximum set of data 
structures which may influence the effect of that 
operator instance, and similarly, the output nodes 
specify the maximum extent of the effects produced. 

Note that only the input and output nodes of an 
operator instance are fixed, not the contents of these 
nodes, so that different executions of the same operator 
instance will, in general, produce different results, even 
though the input and output nodes are the same. Only 
if the H-graphs defined by the input nodes are identical 
will execution necessarily produce the same results in 
the output nodes. 

Execution of a program H -graph 

Any program node of an H -graph defines a set of 
possible execution sequences of operator instances as 
follows: 

Defn: If c is a program node, then the sequence 
PI, P2, ... , Pll of operator instances is an execution 
sequence of c if (PI, P2, ... , P1l) is the atom sequence 
of some path through c. 

Every path through a program node defines a 
possible execution sequence of operator instances. 
Execution of a program node involves the choice of a 
path through that node and execution of the operator 
instances in order from the execution sequence defined 
by that path. Corresponding to actual execution of 
programs in a programming language, the process of 
choosing a path may be represented as a process which 
in a sense actually traces out a path step by step, 
executing operator instances as they are encountered in 
the path, and choosing the next step of the path as a 
dynamic function of the results of execution of the 
previous operator instances encountered. Thus the 
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choice of execution sequence is determined by the 
"data," that is by the H-graphs in the input node set 
of the operator instance being executed. The process of 
execution of a program node c of an H -graph (N, V) 
may be defined precisely as follows by use of a designated 
level 1 node P of type "label:" 

1. If c is a level 1 node, then execute the operator 
instance contained in c. 

2. If c is not a level 1 node and contains the graph 
(N, L, S, E), then: 
a. Set the current node· = S. 
b. Execute the current node (saving the name 

of the node being executed in a stack until 
execution is complete). 

c. If there is no edge leaving the current node, 
then stop (returning to the next higher level 
to continue execution if necessary). 

d. If there is exactly one edge (labeled k) 
leaving the current node, then set current 
node = E(current node, k} and go to (b). 

e. If there is more than one edge leaving the 
current node, then set the current node = 
E(current node, Yep)) and go to (b). 

Note that at a branch in a program graph the choice 
of which branch to follow is determined by the label 
contained in the designated node P. Since P may be one 
of the output nodes of an operator instance, execution 
of an operator instance may change the value of P, 
and thus the "flow of control" is determined dYnamically 
by the operator instances and the "data." Clearly, a 
path through node c is determined by this process if the 
process terminates. 

Correspondence between the model and actual 
programming languages 

The general model of the previous section serves as a 
framework for the description, comparison, and classi­
fication of the semantics of different programming 
languages. A model of the semantics of a particular 
programming language is formed by specification of a 
particular universe of atomic units together with a set 
of restrictions or constraints on the types of data and 
program H -graphs which may be constructed on this 
universe. A model of a program or a data structure in 
the language then is a program or data H-graph on the 
given universe which satisfies the constraints of the 
language. The classification and comparison of the 
semantics of languages is based on the classification and 
comparison of the properties of the universes of atomic 
units and of the properties of the constraints on 
H -graphs. Although detailed descriptions of actual 
programming languages are outside the scope of this 

paper, an attempt is made in this section to develop in 
a general way a correspondence between features of 
actual programming languages and properties of the 
model. 

Particular features of actual programming languages 
may commonly be represented in more than one way in 
the model. The examples given below indicate only one 
possible way that particular constructs may be repre-
"0: ... +0,..1 u,;+1-.",,,+ ....... 0"1,,,..1; ........ +1-.0 ......... ",,;1-,.;l;+n +1-.,,+ ",+1-,.1>: .. 
O\..l..L.Lu ...... '-.&., ,Y.LlI.I...I.VU.V P.&.\,..rV.L\A.l.A..L.LLo UJ..L'-' PVOQ,LU.LL.1.UJ UJ...LQV VIJJ..L\:I.1. 

representations may be possible and even desirable in 
certain models of an entire language. 

In the examples, nodes are represented by ovals or 
polygons and edges by arrows. All nodes and edges are 
labeled. The contents of a node will ordinarily be 
written inside the oval or rectangle representing it. The 
entry point node of a graph is indicated by an * next to 
the node. Thus, for example, Figure 2 represents a node 
C whose value is a graph on nodes Cl, C2, and C3, with 
entry point Cl and E(Cl, k) = C2, E(C2, k) = 
C3, E(C3, k) = C1. The nodes Cl, C2, and C3 have as 
values the atoms A, B, and C, respectively. 

In cases where node names· and/or edge labels are not 
significant, they will ordinarily be omitted. Thus the 
same graph might be written alternatively as in 
Figure 3. Operator instances will be represented in the 
form: 

c: *Cl k, C2 

\; 
C3 

Cl:0 
Figure 2 

C: 

Figure 3 
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where each h is the name of an input node and each Ok is 
the name of an output node. 

Three complete models of programs and data are 
given in this section, for Turing machines, LISP, and 
Fortran. Although no attempt is made to provide 
complete descriptions of the languages, the models of 
the particular programs used are constructed so as to 
indicate how a general model might be constructed. 

Turing machine semantics. Consider first the repre­
sentation of the semantics of a particular Turing 
machine. Intuitively, a Turing machine is very simple 
semantically. Both the program (the functional matrix) 
and the data (the tape) are of simple structure. This 
makes a model of the semantics of Turing machines a 
useful test case for a semantic theory. The general class 
of Turing machines that will be modeled have a single 
tape and read head, and at each move they will (1) read 
the spubol in the square being scanned, (2) change 
state, (3) write a symbol, and (4) move left or right one 
square. 

a. Atomic units. The universe of atomic units U for 
Turing machines over a particular alphabet A is 
composed of: 

U = A' U cJ> 

where A' and cJ> are disjoint, A' = A U {left, 
right}, A is the alphabet of the Turing machine, 
{left, right} are labels, and cJ> = READ U 
WRITE U l\IOVELEFT U l\IOVERIGHT U 
NO-OP where REAL, WRITE, MOVELEFT, 
MOVERIGHT, and NO-OP are the names of 
disjoint operator type classes defined below. 

b. Data structures. 
Levell nodes. Except for the special node P and 

the nodes containing the alphabet symbols, all 
level 1 nodes correspond to tape squares 
containing a symbol from the alphabet A. 
P is the node mentioned in the execution 
algorithm for program H -graphs, and for each 
alphabet symbol a node is required containing 
that symbol (for the WRITE operator). 

Level 2 nodes. Only two nodes are needed, 
TAPE and HEAD. TAPE contains a two-way 
list (of level 1 nodes) with edges labeled "left" 
and (iright." HEAD contains a single level 1 
node which corresponds to the tape square 
being scanned. 

~. Program structures. 
Levell nodes. Contain single operator instanc~s. 
Level 2 nodes. Only one node PROG is needed, 

which contains a graph representing the 
functional matrix of the Turing machine. 

d. Operator type classes. See Table I. (H = 
HEAD, T = TAPE, V is the function which, 
given a node, returns the value of that node.) 

e. Example. For the 2-state 3-symbol Turing 
machine given in Figure 4 an H -graph repre­
sentation is given in Figure 5. 

Execution of the program H -graph PR~G simulates 
the operation of the Turing machine. Execution of 
PR~G involves simply following a path from the entry 
point (node P9) of the graph in PROG to the (unique) 
node P5 of the graph which has no exiting edges. This 
path is chosen according to the algorithm of the 

Table I -Turing machine operator instances 

Class 

READ 

WRITE 
MOVELEFT 

MOVERIGHT 

NO-OP 

Form of Operator 
Instances 

READ(H; P) 

WRITE(a, H; H) 
MOVELEFT(H, T; H, T) 

lVI0VERIGHT(H, T; H, T) 

NO-OPO 

Function 

Trap.sfers V(V(H» to P (i.e., copies the symbol 
being scanned into P) 
Sets the value of the node V(H) = yea) 
Let a = V(H), set V(H) = E(a, left) where E is 
the edge function of the graph in T. If E(a, left) 
is not defined, create a new node with a unique 
name (3. Set V(H) = (3. Define E(a, left) = (3 
and E({3, right) = a and set V({3) = ~ (empty 
tape square symbol of A) 

Same definition as MOVELEFT, replacing "left" 
by "right" and "right" by "left." 
The identity operation (does nothing) 
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MATRIX 

Symbol 
0 

State '\ 
1 # 

So 1 ,R, So O,R,SO #,L,Sl 

Sl 1,L,81 0,L,81 

INPUT TAPE 

7' 
Initial 
head 
position 

Halt 

Figure 4-Turing machine initial configuration 

preceding section. Thus beginning at P9, the operator 
instance in P9 is executed (corresponding to reading the 
tape square under the read head and storing the symbol 
read in node P). Then the edge leaving pg is chosen 
which is labeled with the symbol contained in P (in this 
case 0). This edge leads to PO, which becomes the 
current node. The operator instance in PO is executed 
(writing a 1 on the tape square under the read head). 
The single edge leaving PO is followed to P3, the 
operator instance contained in P3 is executed, etc. 
Execution continues in this manner until node P5 is 
reached. 

In the Turing machine representation both program 
and data have only two levels, giving a hierarchically 
simple structure. The given representation readily 
extends to arbitrary Turing machines and initial 
configurations. 

Lisp semantics. As a second example, consider the 
problem of representing the semantics of the following 
Lisp function with its argument: 

(LABEL(LAST(LAMBDA(X) (CPND 

((NULL(CDR X)) (CAR X)) 

,(T (LAST (CDR X))))))) ((A (B C) DE)) 

An H-graph model may be constructed for this function 
in such a way that extension of the model to the 
remainder of the Lisp language is possible. 

In representing the Lisp function two major problems 
arise: 

1. The sequence of operations specified implicitly 
through function composition and the order of 
evaluation conventions of Lisp must be made 
explicit in the H-graph representation. 

2. The pairing of formal parameters and actual 
parameters, and the transmission of evaluated 
arguments to the functions using them must be 
handled by explicit use of versions of the 
standard Lisp interpreter A-list and pushdown 
list.5 This is due to the fact that the H -graph 
model contains no built-in provision for argument 
transmission to subprograms. 

A representation of the semantics of the above Lisp 
function may be constructed as follows: 

a. Atomic units. Let the universe U of atomic 
units be: 

U = A U {T, ~IL} U P 

where A is the set of Lisp atoms and P = CAR 
U CDR U NU;LL U PAIR U VALUE U 
PPPUP where these data type classes are defined 
below. 

b. Data structures. Lisp list structures are repre­
sented as hierarchical data graphs, where sublists 
are represented by lower levels in the hierarchy. 
A list of n elements is represented by a graph of n 
nodes, connected in sequence. If a list element is 
an atom, its corresponding graph node contains 
that atom as its value. If a list element is a 
sublist of m elements, its corresponding graph 
node contains a graph of m nodes representing 
the sublist. Thus the list: 

(A, (B, C, D), ((E, F), G)) 

is represented by the H-graph in Figure 6. To 
handle argument transmission, certain auxiliary 
data structures will be necessary: 

1. OP, a node which contains a list, used as a 
stack to hold operands; 

2. ALIST, a node which conta:ins a list, used as 
a stack to hold paired formal parameters 
and their values. 

c. Program structures. Like all Lisp program 
structures not using PROG, the program graph 
for the above function is a tree. Since the function 
contains a recursive function call, the program 
graph is recursive. 

d. Operator type classes. See Table II. (V is the 
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Tape(T): co: 

right 

Cl: 

right 

C2: 

right 

C3: 

right 

C4: 

right 

C5: 

Head(H): e 
NO:G) 

PR0G: 

II 
I I 

I 
po: 

*P9: I 
I 
o 

t 

WRITE(N1,H;H) 

P2: 

MOVELEFT(H,T;H,T) 

MOVELEFT(H,T;H,T) 

Figure 5-Turing machine H-graph representation 

function which, given a node, returns the value 
of that node.) 

e. Example. The Lisp function: 

(LABEL (LAST (LAlVIBDA(X) (C~ND 

«NULL(CDR X)) (CAR X)) 

(T (LAST (CDR X))))))) «A (B C) DE)) 

is represented by the H-graph of Figure 7.' 

Note that the sequence of operations performed 
during execution of the node LAST corresponds closely 
to the sequence executed by an ordinary Lisp inter­
preter: first the formal parameter, X, and the actual 
parameter, the list in C1, are paired on the ALIST, 
then X is evaluated, CDR of its value is taken, and 
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Table II -LISP operator instances 

Class 
Name Operator Instance Form Function 

CAR CAR(0P; 0P) 

CDR CDR(0P; 0P) 

NULL NULL(0P; 0P, P) 

PAIR PAIR('Y, 0P; ALIST,J?)P) 

VALUE VALUE('Y, ALIST; 0P) 

POPUP POPUP(a; a) 

01 *&00H*1 *&0f-0! 
Figure 6-List structure H-graph representation 

NULL of that value is taken. The value of NULL, T or 
NIL, is then used to control a branch. If T, the execution 
ends after the CAR of the value of X is taken. If NIL, 
then the CDR of the value of X is taken and execution 
descends a level at the recursive node N, which contains 
a graph of the single node LAST. The stack OP is used 
throughout to communicate results between operator 
instances. Execution of the above program H -graph 
LAST will result in the node 0P containing a graph 
whose entry point node contains the value of the 
function; thus 0P: 1* E ~ NIL lis the final state of the 

Let a = entry point of V(0P). Let (3 = entry 
point of yea). Set yea) = V((j). 

Let a = entry point of V(0P). Let (3 = entry 
point of Veal. Set yea) = a graph obtained from 
yea) by setting the entry point to E((j, t) and 
deleting node (3. If E((j, t) is not defined, set 
yea) = NIL. 

Let a = entry point of V(OP). Set yea) = 
Yep) = TifV(a)' = NILand = NIL otherwise. 

Let a = entry point of V (0P) and (3 = entry 
point of V (ALIST). 
(1) Pushdown V (ALIST), let C = new entry 

point (i.e., replace the graph in ALIST by 
*C ~ (3 ~ ... where C is a new node and 
*(3 ~ ... was the old graph). 

(2) Set V(C) = the graph *1' ~ a. 
(3) Popup 0P (i.e., replace V(0P) = the graph 

*a ~ a' ~ ... by the graph *a' ~ ... 

(1 ) Find first node Q on list V (ALIST) such 
that l' = entry point of V(Q). Then V(Q) is 
a graph *1' ~ a. Let C be a new node. 

(2) Pushdown C onto list V(0P) (i.e., replace 
*(3 ~ . " .. by *C ~ (3 ~ ... ). 

(3) Set V(C) = V(a). 

Popup list yea) (i.e., replace *(3 ~ l' ... by 
*1' ~ ... ). 

node 0P, where E is the value of the function LAST for 
the given argument. 

Fortran semantics. As a final example, consider the 
problem of representing the semantics of the following 
Fortran program: 

PR0GRAl\1 EXAl\1PLE 

DIMENSI0N M(2, 5) 

D02 I = 1,5 

:.vI(l, I) = I 

2 M(2, I) = IFACT(I) 

END 

FUNCTION IFACT(N) 

K = 1 
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OP: I *XCI 

ALIST: [:E:J 
Program: 

LAST:/. 

~ *IPAIR(X,0P;ALIST,0P) 
(' 

i 
IpOPUP(ALIST;ALIST) 

Figure 7-Lisp function H-graph representation 

D0 2 J = 1, N 

2 K = K*J 

IFACT = K 

RETURN 

END 

As with Lisp, it is necessary to provide explicitly a 
mechanism for argument transmission to subprograms 
in the model of Fortran. 

The H-graph representation may be constructed as 
follows: 

a. Atomic units. 

u = I U {=, ¢} U 0 

where I = set of integers 

{¢, ¢} = set of labels 

and 

o = the union of the operator type classes 
defined below. 

b. Data structures. Simple variables are represented 
as level 1 data nodes. Two-dimensional arrays 
are represented by a graph (of levell nodes) with 
edges labeled land 2 indicating rows and 
columns, respectively, as M in Figure 8. 

c. p.rog'i'U'ln structures. The program structures 
correspond roughly to flow charts of the Fortran 
programs. Subprograms are represented by sepa· 
rate levels in the hierarchy of program graphs. 

d. Operator type classes. See Table III. (V = 
function which, given a node, returns the value 
of that node.) 

e. Example. The program may be represented as 
the H-graph of Figure 8. Note that the loops 
implied by the two D0 statements are made 
explicit in the H-graph representation, and the 
operations of array referencing and argument 
transmission which are implicit in the Fortran 
program become explicit in the model as the 
operations REF2 and SETADDR-SET, respec­
tively. Execution of the H -graph EXk"\1PLE 
results in the first row of the array M being filled 
with the integers 1-S and the second row with 
the integers 1 !-S!. 
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Data: 
.~----------------------------~ 

M: 

N:0 Nl{~ N2:(0 N5{~ 

I: C0 T:G) P: C0 
ARGl: 0 K:0 J: 0 

Program: 

Figure 8-Fortran program H-graph representation 
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Table III-Fortran operator instances 

Class 
l\T ___ _ 
.1.'1 <:LUlt::: Opera Lor Instance Form . 

ADD 
MULTIPLY 
ASSIGN 

IASSIGN 

SETADDR 
SET 

ISEQ 

REF2 

NO-OP 

CONCLUSION 

ADD(a, (3; 'Y) 

MULTIPLY(a, (3; 'Y) 

ASSIGN(a; (3) 
IASSIGN (a; (3) 

SETADDR(a; (3) 
SET(a; (3) 

ISEQ(a, (3; P) 

REF2(a, (3, 'Y; 5) 

NO-OP( ) 

In this paper the general outline of a hierarchical 
directed graph model of the semantics of programs has 
been sketched, and a number of examples of its use in 
modeling particular features of programming languages 
have been given. lVlany interesting questions remain 
concerning such models. Preliminary indications are 
that t~e ~~del provides both mathematical tractability 
and mtUltlvely appealing characterizations of the 
semantics of programming languages. It remains to be 
shown that these indications will remain valid as more 
~xtensive ?evelopment is undertaken. At present, work 
IS proceedmg along two main lines On the one hand . . , 
attempts are bemg made to exploit the formal nature 
of the model. One would like to prove theorems con­
cerning the model which would allow one to derive 
properties of particular program-data pairs given their 
representation in the model. On the other hand models 
of various programming languages are bei~g con­
structed' and the problem of constructing processors 
~ased on the model is being investigated. One would 
like to be .able to translate from actual programming 
languages mto the model and vice versa. Given such 
processors, one could then manipulate the H-graph 
representation of a particular program according to the 
formal theory to produce semantically equivalent 
programs having particularly desirable properties. 

Any model of the semantics of programming lan­
guages emphasizes in its structure certain semantic 
features at the expense of others. The model based on 

Sets V( 'Y) = yea) + V«(3) 
Sets V( 'Y) = yea) *V«(3) 

Sets V«(3) = yea) 

Sets V (V «(3) ) = V (a) (where V «(3) is a single 
node graph) 

Sets V «(3) = the single node graph: *a 

Sets V({3) = V(a') where a! = entry point node 
of the graph yea) 

~ • ~? ,~, (= if yea) = V«(3) 
~ets V(.t') = i 

t ;;e if V (a) ;;e V «(3) 

Sets V(5) = node corresponding to a«(3, 'Y) In 

2-dimensional array a 

N o-operation 

hierarchies of directed graphs presented here is no 
exception. Other models of semantics have tended to 
emphasize flow of control in programs and argument 
transmission to subprograms. Landin's lambda-calculus 
model of ALGOL,! for example, emphasizes argument 
transmission, restricts flow ot control to function 
composition with recursion, and does not consider data 
structure. The directed-graph model of ::; arasimhan 3 

emphasizes argument transmission and flow of control, 
representing the latter in a manner somewhat similar to 
that used here. The model of this paper emphasizes the 
structure of data and the hierarchical aspects of fimv 
of control. It subordinates argument transmission by 
incorporating no built-in argument transmission 
method. 

It is clear that the development and study of formal 
models of the syntax of programming languages has 
helped greatly to clarify the basic concepts in that area 
and also has led to the development of better methods 
for syntactic analysis in processors. It may reasonably 
be expected that similar benefits will be derived from 
the development of adequate formal models of the 
semantics of programming languages. 
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Hardware structure of hybrid computer systems 

The combined operation of analog and digital com­
puters in hybrid computer systems requires a special 
hardware interface because of the different modes of 
operation and the different ways of data representation 
in both computers. Generally, in such a symbiosis all 
the functions of the analog computer, which are norm­
ally under manual control by the user, here have to be 
under control of the digital program, except for one 
case: once the digital program has started an analog 
computer run, the analog computer is on its own. 
In the case of combined simulation, i.e., if both com­
puters operate simultaneously, from the viewpoint of 
the analog computer its digital partner now plays the 
role of a single, but very complex, computing unit to 
which some analog signals go and from which other 
signals come back. 

From the viewpoint of the digital computer (and in 
the following we will always adopt this point of view), 
the analog computer and the interface are an entity 
representing an external process which has to be con­
trolled. We aElSume that this process may include the 
various procedures listed in Table I, which all have to 
be managed by the digital program. (For notational 
convenience the word 'program' will always stand for 
the digital program, while we shall call the analog part 
of the entire program a 'setup.') 

Table I 
List of Procedures Which are Provided by the Hard­

ware Interface N on-Time-Critical Functions of the 
Hardware Interface: 

1. Control of the analog computer modes by the 
program 

2. 'Run Time' selection (of one or more analog 
computer runs) by the program 

3. Signalization of the actual start of an analog 
computer run (change of the integrator mode) 
to the program 

4. Sensing of the current mode of the analog com­
puter by the program 

5. Signalization of the end of an analog computer 
run ('run time elapsed') to the program 

6. Setting of potentiometers and subsequent check­
ing by the program 

7. Setting of analog switches by the program 
8. Readout of analog outputs and potentiometer 

settings under control of the program and trans­
fer of these data to the digital computer 

9. Sensing of the state of Boolean variables occur­
ring in the 'logic box' of the analog computer by 
the program 

Time-Critical Functions of the Hardware Interface: 

10. lVlultiplexing and sampling of analog data and 
conversion into digital form; transfer of these 
data into the digital computer at an arbitrary 
rate (serially) 

11. Transfer of Digital data into the digital-to­
analog converters (in parallel), conversion (and, 
in certain circumstances, smoothing) of these 
data 

12. Transfer of overload messages and other error 
messages to the program 

13. Transfer of external interrupts (arbitrarily 
programmable on the analog computer) to the 
program 

All the procedures of items one through nine have to 
be executed while the analog computer is in the HOLD, 
RESET, or STANDBY mode. Hence, they are not very 
time critical. On 'the contrary, the procedures 10 
through 13 take place while both computers are running, 
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thus imposing on the program problems of real-time 
process management. 

All this requires a digital computer that has process 
control computer capabilities such as a fast communi­
cation I/O-channel (preferably with direct memory 
access or a cycle-stealing mode, respectively), a hier­
archic interrupt system, and control and sense lines. In 
addition to the real-time clock which is part of any 
analog computer, either the interface or the digital 
computer has to provide a second real-time clock (de­
fining the 'frame time' yet to be explained). 

In terms of harware only, the interface (plus analog 
computer) appears to the digital computer like one 
more peripheral device, yet much more complicated 
than the customary peripheral equipment. A much 
higher complexity of the data flow to and from that 
device is mandatory, varying between single control 
bits or sense bits and words or blocks of words to be 
transferred at a very high rate. In terms of the system 
programming, however, this particular peripheral: de­
vice represents a complicated process, occurring in 
real-time and manageable only if a specially designed 
software interface is provided, which is as powerful as 
the hardware interface. 

The requirements for a powerful software interface and 
its structure 

The machine languages of digital computers which 
have the above-mentioned process control computer 
capabilities include instructions that energize control 
lines or check sense lines, handle interrupts, activate the 
I/O-channel and prepare its interlace hardware so that 
a block of data words can be put in or out, etc. However, 
it is much too tedious to program a hybrid computer 
that way (despite the fact that it has sometimes been 
done). In the case of the hybrid computer system 
about which this paper deals, a program written in 
machine code would require 35 instructions just for 
selecting an arbitrary analog computing element, and 
25 more instructions to read the output of that ele­
ment and transfer it into the digital computer. The 
setting of one potentiometer-including a subsequent 
check of the actual setting and the handling of possible 

. error messages-takes about 150 instructions in ma­
chine code. ~1any of these assembly language instruc­
tions are not just simple, mnemonic words such as the 
arithmetical operation-code, but I/O-instructions which 
have to be specified, e.g., by a never-to-memorize six 
digit octal number. However, it is even worse if one 
leaves the subtle tasks of interrupt handling to the 
programmer. 

All these problems may occur in process control 
applications too, but for such a special purpose, a pro-

gram has to be written only once. Hybrid computer 
system programming, however, combines the short-term 
aspects of pure digital programming with the crucial 
difficulties of real-time data processing. 

So, first of all, one has to eliminate coding by machine 
instructions. A comfortable software package for a 
hybrid computer system has to offer the possibility of 
writing any program in one of the customary problem­
oriented languages that programmers are used to, for 
example, FORTRAN or ALGOL. Of course, such a 
language has to be augmented by a number of special 
subroutines. These subroutines take care of all the 
procedures listed in Table 1. Furthermore, a special 
executive program is necessary which handles the 
synchronous operation of both computers and all the 
interrupts and error messages which may occur. 

But that is not sufficient. Analog computer operators 
d,re used to having control of the entire system at any 
arbitrary time instant. They are able to interrupt the 
execution of a program in order to change potentiometer 
settings as well as the whole setup and restart or rerun 
thereafter the program. A hybrid computer system 
should provide the same possibilities, but this cannot 
be done while the system is under control of the digital 
program. Conversely, the program may sometimes 
need the help of the human operator (at least as long as 
the automatic patching problem has not been solved 
yet). The first demand to hand over the control of the 
system to a human operator or to receive it back at any 
arbitrary moment is unique. If this is granted, there are 
actually three parties involved alternating in the con­
trol of the system: the digital computer, the analog 
computer, and the human operator. This gives us 
additional reason for using the term 'software inter­
face' as a supplement to the 'hardware interface,' 
meaning that only the proper design of both can make 
a hybrid computer system manageable. Additionally, 
some special utility programs are very helpful which 
perform an automatic checkout of the analog setup 
and of the entire system, thus detecting, indicating, 
and diagnosing errors and component failures. 

Hence, a hybrid computer system 'housekeeping' 
software package should at least consist of the following 
programs (names have been assigned to the various 
programs which we can refer to) : 

1. HARTRAN 

2. HYTROL 
3. ACID 

(hybrid-procedure augmented 
real-time FORTRAN) 
(hybrid system control) 
(analog computer and inter·· 
face diagnosis) 

4. STATEST (static test of the analog setup) 
5. HYBRID LIBRARY PROGRAl\fS 



HAR TRAK denotes the set of all hybrid subroutines 
by which the problem-oriented language (in our case a 
special FORTRAN version) has to be augmented. If 
the software interface is organized the way it will be 
subsequently described, HARTRAN includes also the 
executive program.· HYTROL provides the required 
man-machine-interaction. ACID is a necessary aug­
mentation of the debugging programs which are al­
ready existing for the digital computer. STATEST 
enables the digital computer to check-out the analog 
setup and to detect and indicate set-up errors as well 
as component inaccuracies or failures. The HYBRID 
PROGRA]vI LIBRAR Y encompasses a number of 
hybrid standard programs which usually cannot be 
found in the standard program library supplied with 
the digital computer. 

It is common practice to compose a complex program­
ming system of several subsystems, because it gives a 
much better way to implement, improve, maintain, 
and change such a system. Doing so, one has to take 
care, of course, of all possible interconnections between 
the various subsystems. In order to facilitate the real­
ization and the use of the subsystems, we define first of 
all a certain set of modules which are common com­
ponents in all of them. The modules occur in three 
different forms: 

PROGRAMMED OPERATORS (POPs) 
STANDARD HARTRAN SUBROUTINES 

(SUBs) 
SPECIAL HARTRAN FUNCTIONS (FUNCs). 

A POP is a subroutine that has a mnemonic name, 
like any other macroinstruction, combined with a pa­
rameter by which the execution is defined. The SUBs are 
standard subroutines of the HARTRAN compiler, 
i.e., they don't have to be declared and can be called 
by a CALL statement together with their name and an 
arbitrary array of parameters. The FUNCs designate 
procedures by which the output of an analog component 
or a Boolean variable is fetched from the analog com­
puter. The actual variable receives the name of that 
function, and under this identifier it can be a member of 
any arbitrary arithmetic or Boolean expression (like 
the standard functions in the usual FORTRAN lan­
guage). 

SUBs and FUNCs, for example, take care of all the 
procedures listed in Table I and others. POPs are 
first of all used within HYTROL and STATEST, and 
the ACID complex of test programs rely on SUBs as well 
as on FUNCs. The special library programs are written 
in HAR TRAN. We will talk about these modules in 
more detail when we come to the description of the 
various subsystems. 
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What problem-oriented programming language 
should be used? The standard FORTRAN language 
(especially FORTRAN II) has some shortcomings. 
For example, it does not provide the possibilities of 
recursive call of subroutines, instructions for bit ma­
nipulation, and handling of interrupts. Notwithstanding, 
for two reasons, we selected FORTRAX. The first and 
most important reason was that FORTRAN is the most 
often used programming language. The intention of 
this paper is, however, not to describe just one of many 
possible implementations of a hybrid system software 
interface, but to propose a standard type of software 
interface which can be implemented on any system. 
Therefore, it has to be independent of particular as­
sembler languages and it has to be based on the prob­
lem-oriented language most in use. 

The second reason was an individual op.e. For our 
computer (SDS 930), a special FORTRAN version 
exists, called REAL-TI~rE FORTRAN, which does 
include all the above mentioned features, especially 
the possibility of connecting subroutines which respond 
to interrupts. Of course, this is no comfort to some­
body who has to rely on the standard FORTRAN II 
version, but, even then, the construction principles 
outlined in this paper can be applied. HARTRAN 
would in this case stand for 'hybrid -procedure aug­
mented FORTRAN,' and this programming system 
may lack some valuable conveniences, but it will still 
be feasible. 

The organization of the software interface; HARTRAN 
and HYTROL 

The two possible states of a hybrid system 

From the discussion in the above section, the con­
cept of organization of a hybrid computer software 
interface becomes quite obvious: The system as an 
entity (hardware and software) has two possible states, 
namely: 

(I) the CONTROL state 
(II) the RUN state. 

In the CONTROL state a number of standard sub­
routines can be called within the framework of HAR­
TRAN. The subroutines execute the special hybrid 
procedures which we have listed in Table I under items 
onB through nine, and some more. Additionally, by 
calling a special subroutine by the name HYTROL, 
control is transferred to the console typewriter or any 
other arbitrary input device, enabling the human op­
erator to interrogate or control the system. HYTROL, 
on the other hand, has to provide instructions by which 
a return to the HARTRAN program is possible. 
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Another most important HARTRAN subroutine 
called OPERUN switches the system from the CON­
TROL state into the RUN state. By the CALL 
OPERUN statement two different processes are started 
simultaneously: 

a. An analog computer run is initiated (switching 
the analog computer from the STANDBY, 
INITIAL CONDITION or HOLD mode, to 
the OPERATE mode). 

b. In the digital computer, a procedure called RUN 
is started that initiates a continuous scanning, 
sampling and converting of analog data, a 
manipulation of those data, and transfer of the 
digital results into the digital-to-analog con­
verters. 

At this point we have to comment about the two 
different classes of hybrid computation and their con­
sequences on the organization of the data transfer be­
tween both computers. In the first class of operation, 
both computers operate alternatively, while in the 
second class, both computers execute a hybrid program 
simultaneously. 

For operations of the first class, the programmer 
should be given the flexibility of a random input or 
output of analog data; i.e., each I/O procedure has to 
be programmed individually, and every time the multi­
plexer or DAC addresses can be arbitrarily chosen. 

Unlike the first case, the second case may be ex­
tremely time-critical, especially if a combined simula­
tion of a system with high natural frequencies has to be 
performed in real-time. Since in this class of operation 
an input or output sequence of analog data may occur 
hundreds or thousands of times during one computa­
tion run, it would be unnecessarily awkward and time 
consuming to program this by a random access which 
needs to declare for every input or output the multi­
plexer or DAC addresses. Therefore, a procedure 
should be available which performs automatically and 
periodically a certain I/O-sequence. The first address 
and the length of the input and output sequences have 
to be declared just once (in a program header). All the 
time during the execution of that program, a fixed 
sequence of multiplexer input lines are scanned and a 
fixed sequence of DACs are loaded periodically. If the 
channel has the capability to transfer data blocks auton­
omously to and from the memory in a cycle-stealing 
mode bypassing the CPU (we call this the interlace 
feature), this particular I/O-mode provides not only 
a most efficient way of programming, but also the 
fastest possible way of execution. 

HARTRAN subroutines are available for both ways 

of inputting and outputting' analog data. It has to be 
emphasized that this way of programming can be used 
for any computer, while the actual subroutines of , 
Gourse, depend on its specific structure. In the following; 
we shaH find some more SUBs which are a result of the 
specific hardware structure of our hybrid computer 
system. But this is not contradictory to our claim of 
proposing in this paper a standard software interface. 
The only thing we have to try is to assume a hardware 
structure as general and flexible as could be. The SUBs 
and the corresponding POPs which may then be re­
quired for a less flexible system are a subset of what we 
shall define in the following. The particular subroutines 
which can be called as SUBs or POPs have to be writ­
ten for the individual system anyway. Following this 
philosophy, for example, it does not matter whet.her 
or not the multiplexer inputs are equipped with paral­
lel track-and-hold circuits, or whether the DACs 
have two buffer registers or only one. Of course, the 
corresponding subroutines have to be written differ­
ently, but the structure of the software interface and 
the programming language are not affected. The same 
holds for some unique hardware features of our system. 

The control state and HARTRAN 

In the following we shall list all the standard pro­
cedures which can be executed by flo HARTRAN pro­
gram. On the lett side we list the respective format, 
and on the right side we give a short specification of 
the procedure. Furthermore, the SUBs are classified 
by their function and a comment is made on each class. 

Analog Computer (AC) Mode Control 

CALL CON .. the next run will be 'continuous 
operation' unlimited in time 

CALL CON H .. the next run will be 'continuous 
operation' until the selected time 
has elapsed; after that the AC 
goes in 'hold' and continues when 
a new 'operate' instruction is re­
ceived 

CALL REP .. the next run will be 'repetitive 
operation' 

CALL REPH .. the next run will be 'repetitive 
operation'; after the first run, the 
AC goes in 'hold' and starts the 
next repetition run only on receipt 
of a new 'operate' instruction 

CALL ITR . . the next run will be 'iterative op-
eration' 



CALL ITRH .. see REPH and replace 'repetitive' 
by 'iterative' 

CALL STY .. if the AC was in 'hold' it is now 
switched to 'reset' or 'standby: 
(both are synonymous) 

CALL SRTN ('rt', 'ot', 'ht') . . setting of the 'nor­
mal' run timer 

CALL SRTC (~rt', ~ot', ~llt') .. setting of the ~com­

plementary' run 
timer, 'rt' is reset 
time; lot' is operate 
time; 'ht' is hold 
time (all declared in 
milliseconds) 

Comment: A model of the AC mode control is a 
(virtual) manual control that has six push-buttons and 
six thumbweels. The push-buttons are labeled: con­
tinuous operation (CON), repetitive operation (REP), 
iterative operation (ITR) , operate (OP) , hold (H), 
and reset or standby (STY). By pushing one of the 
fin:;t three buttons the mode of the next computer run 
is prepared, and by pushing the OP button this run is 
actually started. If, in addition to REP or ITR, the 
button H is s~itched on, we have the 'single run' mode. 
The combination of CON and H interrupts the con­
tinuous operation after the selected run time has 
elapsed; the AC goes in the HOLD position from where 
it can be restarted in order to continue the operation. 
By the (virtual) thumbweels, the (normal) 'run timer' 
can be set, defining the three phases of a repetition cycle 
individually. The 'complementary run timer' setting 
is only required for the iterative operation. Though 
this mode does not make much sense in a hybrid com­
puter system, it is part of most analog computers and 
shall thus be taken into account. 

Setting of Potentiometers and Function Generators 

CALL POTSET ('addr.u', 'value u', 'addr.v', 'value 
v', ... ) :: setting of an (unlimited) 
number of potentiometers 

CALL POTSETL ('addr.u', 'value u', 'addr.v', 'value 
v', . . .) : : setting of potentiome­
ters with a printout of the actu­
al addresses and settings 

CALL FGSET ('value 1', 'value 2', ... ) :: set­
ting of function generators; 'value 
1', 'value 2',. 0 0 are the (fixed) 
breakpoint values of the function 
given as a decimal fraction of the 
reference (e.g.: + .4875). 
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Comment: 'addr.' may be any combina.tion of letters 
and figures, depending on the AC address system; 
. value' is a 4-digit decimal number following the deci­
mal point (e.g.: P 127, .0178). For the error messages 
see a later section (HYTROL). FGSET, of course, 
only makes sense if the AC has digitally settable func­
tion generators. (In our system, we developed these 
units ourselves.) 

Control Lines 

CALL SET ('x', 'y', 'z', ... ) .0 The control lines listed 
as parameters of the 
expression are set to 
TRUE. 

CALL CLR ('x', 'y', 'z', ... ) 00 The controllineslisted 
as parameters of the 
expression are set to 
FALSE (CLR = 
'clear'). 

Comment: The control lines are used to set or reset 
flip flops in the AC logic box. 

Selection of Analog Components and Senselines; 
Functions 

POT ('addr.') 00 The potentiometer with a named 
address is selected, and its output 
is a variable of the program identi­
fied by POT ('addr.') 

Al\1P ('OOdr.') 00 The amplifier (multiplier, func-
tion generator, etc.) with the 
named address is selected, and is a 
variable of the program identi­
fied by AMP ('addr.'). 

SL ('x', 'y', ... ) o. The logical values of the sense 
lines 'x', 'y', ... , are composed by 
'and' and the result becomes the 
logical value of the function. 

Comment: As mentioned above, functions can be vari­
ables of arithmetical or Boolean expressions. One can 
write, for example, a FORTRAN IF statement as 
follows (x being another variable): 

IF (AMP (47) - .5800 * X) 10, 10,20 

If 'x', 'y', 'z', are addresses of sense lines, one can write, 
for example, (without having to declare 'x', 'y', and 
'z' as LOGICAL) 

If (SL(I) . OR .. NOT. SL(2, 3) 1, 1,2 
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where the expression of the IF statement is 
SLI V SL2 ASL3! 

Eniry io H YTROL 

CALL HYTROL .. The control and test program 
HYTROL is called and the 
system control is handed over 
to the human operator 

Frame Time Selection 

CALL FTS('time') :: In preparing the run state, the 
time of a digital computation 
frame (see next section) is 
selected by setting a special 
real-time clock (' tillIe' = 3 
place decimal number giving 
the time in milliseconds). 

DAC Mode Selection 

CALL MODC 

CALL MODM 

CALL MODI 

.. Simple conversion (the AC ref­
erence is also the reference 
for the digital-to-analog con­
verters (DACs). 

.. The DAC reference voltage can 
be an arbitrary analog variable, 
hence, conversion is combined 
with an (analog) multiplication. 

.. The DACs combine the con­
version with a straight-line seg­
ment interpolation (or extra­
polation). 

Comment: It is another special hardware feature of 
our system that the digital-to-analog converters (DACs) 
can operate in three different modes (we designed them 
ourselves tor that particular purposel). The first mode 
is just simple conversion. In the second mode the con­
verters may be used as 'multiplying DACs' providing 
the multiplication of the converted digital output with 
any arbitrary analog variable. A considerable number 
of analog multipliers may be saved, and the errors 
may be reduced (since the lVIDACs are more accurate 
than analog multipliers). 

The output time fllllction of a usual DAC is a 'stair­
case' function, i.e., the output voltage is constant as 
long as the digital input stored in the DAC register is 
not replaced by a new one. In the third mode, our 
interpolating (extrapolating) DACs replace the stair­
case function by a straight-line segment interpolation 
(or extrapolation) between the data points, resulting 

in a better (and smoother) approximation of a contin­
uous signal of which the data points are samples. For an 
interpolation, the program has to calculate the incre­
ments between a current output and its sucCessor. If 
the successor is not available to the program, the inter· 
polation must be replaced by an extrapolation based on 
the current output and its predecessor. A variation of 
the time interval between two data points (= frame 
time) is automatically taken into account. If the digital­
to-analog converters have only the DAC and MDAC 
modes, the l\10DI subroutine is immaterial; if there is 
only the normal DAC mode, all the SUBs of this sec· 
tion are immaterial. The mode specification holds for 
all DACs. If only part of them shall multiply, the 
others have to be patched to the reference. If only 
part of them shall interpolate, the mode is J\IODI, a..'1d 
the ones which have not to interpolate receive simply 
the increment zero. In our case, this is particularly 
simple, as we have a 24-bit word format where the 
first 16 bits are the value, and the last eight bits are the 
increment . 

Asynchronous Data Transje:r 

CALL AD 
('x', 'addr.x', 'y', 
'addr.y'7' .. ) :: transfer of dat.a blocks from the 

AC to the DC. 'x', 'y', ... are 
variables or expressions of the 
HARTRAN program identified 
by the numbers of the multiplexer 
input lines by which the variables 
are fetched. 

CALLDAC 
('x', 'dest.x', 'y', 
'dest.y', ... ) :: transfer of data blocks from the 

DC to the AC. 'x', 'y', ... are vari­
ables or expressions of the HAR­
TRAN program; 'dest.x', 'dest.y', 
... are the destination addresses. 

CALLDAI 
('x', 'INCx', 
'dest.x', ... ) .. transfer of data blocks from the 

DC to the AC. 'INCx', 'INCy', 
. . . are the increments of the 
variables 'x' , ' y' , . . . between 
two data points; for the other para­
meters see CALL DAC. 

Comment: DAC has to be used in connection with 
MODC or MODM; DAI is only used in connection 
with MODI. 



Switch from the Control State to the Run State 

CALL OPERUN :: The system is switched into the 
run state, either for starting an 
analog computer run only (with 
no simultaneous digital opera­
tions) or for a combined opera­
tion of both computers. 

Comment: Most analog computers have the possi­
bility to change all the -integr~tor time constants si­
multaneously by a factor 10 (e.g., by a' 10 times faster' 
or a '10 times slower' switch). If this should be done 
under control of the program, the OPE operator (re­
spectively the OPERUN SUB) may include a param­
eter which specifies the respective integration rate. 
This has the advantage, that nothing else in the pro­
gram has to be changed. We suggest this as a possibility 
but we don't feel that it makes much sense to have 
this parameter under control of the program. 

The run state 

Figure 1 illustrates the general scheme of the RUN 
procedure executed by the OPERUN subroutine. 
Right after the start of the procedure by a CALL 
OPE RUN statement, the subroutine sends (after 
having executed some preliminary instructions) an 
OPE instruction to the AC, hence starting an analog 
computer run. When the AC integrators really start, 
the AC sends a "start" interrupt to the DC causing the 
begginning of the first computation frame. By these 
means we obtain well-defined timing of computers. 
Simultaneously, both real-time clocks (the 'run time' 
and the' frame time' clock) are started. 

Every time the selected frame time has elapsed, the 
'frame time' clock sends an 'end ot frame' interrupt 
(EFI) to the DC, indicating the end of a frame and the 
beginning of the next one. Each EFI starts a combined 
input/output of analog data blocks as illustrated in 
Figure 2. Length and formation of the respective 

Figure I-General scheme of the R U~ proceduce 
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block have been specified together with the various 
source and object addresses by calling the DADC or 
DADI subroutines to be explained in the following. 

Eventually, the selected run time of the analog com~ . 
puter will have elapsed. The AC goes at that moment 
in the HOLD mode and sends an 'end of run' interrupt 
to the DC causing the program to switch back to the 
control state. The' start' and the' end of frame' inter­
rupt are of the same priority (higher than the' end of 
run'interrupt). 

Some additional comments should be given on the 
organization of a computation frame. Each frame starts 
with an output procedure, whereas the outputs are the 
results of the computations in the preceding frame 
(in the case of the first frame they are initial values). 
This happens as fast as the digital computer can put 
out these data (in our system it takes two memory 
cycles = 3.5J,ts for each DAC). The DAC settling time 
(which in our case2 is about 0.5J,ts) is not relevant in this 
context, as in fact the DACs could be loaded simulta­
neously if the DC could do that. 

Right after the output sequence follows the input 
sequence (for the current frame). Depending on the 
throughput rate of the multiplexer/converter the ADC 
may feed-in data at a lower rate than the DC could 
handle. In such a case, one can use the idle time be­
tween two inputs for performing the necessary fixed­
point/floating-point transformation on the current 
input. While we started with this approach, we have 
now an ultra-fast multiplexer converter in our system 
that has a higher maximum throughput rate than the 
DC can handle. (This multiplexer/converter is at pres­
ent the fastest commercially available device of its 
kind and was developed by ourselves.2 It has a 15-bit 
accuracy at a maximum throughput rate of 500,000 
per second.) Therewith, we put in data at the maximum 
possible speed of the DC channel and perform the 
fixed-point/floating-point transformation later on. 
Though the total execution time is not reduced, the 
skewing errors become negligible, though parallel 
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track-and-hold circuits (which "vould, in turn, intro­
duce some other inaccuracies) are not used. 

After the outputjinput sequence and the associated 
fixed-point,ifloating-point transformations ha"'le been 
finished, the execution of the computation frame be­
gins. Depending on the chosen frame time, a time 
interval follows during which the DC is idle until the 
EFI occurs. It is at least very difficult, if not impossible, 
to estimate the exact execution time a priori in order 
to choose the frame time so that any considerable idle 
time is avoided. If the computation frame, for example, 
includes branching instructions or external interrupt, 
the execution ti.--ne of a frame may not even be constant. 
This dilemma is solved by a special procedure within 
the RUN subroutine which measures the idle time, 
(t.he DC is not actually idle, but counting clock im­
pulses). The minimum idle time of a computer run is 
stored and may be printed on request. Thus, after one 
test run the programmer can determine the right frame 
time. If a negative idle time occurs (i.e., if the frame 
time chosen was too short) an error message is printed 
in any case. 

The part of the program which follows the OPERUN 
statement and which constitues what we call the 'com­
putation frame' may include any regular FORTRAN 
expression as well as some particular SUBS. SUBs 
which can be called within this program are listed as 
follows: 

Synchronous Data Transfer to andfrom the AC 

CALL DADC 
('DA', 'NDA', 
'AD', 'N AD') : : data transfer in both directions 

syncP..Ionized by the EFI accord­
ing to Figure 2. 

CALLDADI 
('DA', 'INC.', 

DA : first memory address of the 
output data block 

NDA : length of the output data 
block 

AD : first memory address of the 
input data block 

NAD : length of the input data 
block 
The DACs have to be preset 
either to l\10DC or l\10DlVl. 

'AD', 'N AD') .. like CALL DADC but with the 
DACs in l\10DI. 
'INC' : first memory address of 
the block of increments 

Comment: CALL DADC and CALL DAD I can only 
be called at; part of the RUX suhroutine. XAD = 0: 
only transfer D-to-A; NDA = 0: only transfer A-to-D. 
Error messages are given if illegal addresses or numbers 
of data words are specified. 

External Interrupts, Sense Lines and Control Lines 

CONNECT SUB 'no' 
(FINT('no') ... ) :: SUB 'no' is the name of a sub­

routine written by the pro­
grammer which is sensitive 
to 'free' external interrupts 
(FINT), i.e., the subroutine 
is executed when the interrupt 
occurs. Notice that SUB 'no' 
is not a standard HARTRA~ 
subroutine. 

CALL SET ( ), 
CALL CLEAR ( ), SL ( ): See previous section 

Comment: The sense line and control line SUBs are 
used as in the control state. To write particular sub­
routines which are sensitive to external interrupts and 
to connect them to the program by a simple CALL or 
CONNECT statement is only feasible in special FOR­
TRAN versions. 

Return Into the Control State 

CALL HOLD .. The analog computer is switched 
from the OPERATE to the 
HOLD mode and the system 
goes into the control state. 

CALL HYTROL .. HYTROL can also be entered 
from the rU.I1. state, switching the 
system necessarily to the con­
trol state. 

Comment: If an overload or a channel error (erro­
neous multiplexer or DAC addresses or ADC overload) 
occurs, an interrupt with highest priority is sent to the 
DC, causing the system to return into the control 
state. Either OVERLOAD or CHANNEL ERROR 
is printed, and after that HYTROL is automatically 
called giving the user an opportunity to check for the 
error reasons or to restart the program execution. 

Software error compensation 

Intrinsic error sources of a combined computer 
system are: 

(i) the necessary sampling of analog values trans­
ferred to the DC and a subsequent imperfect 



smoothing of the digital results which go to the 
AC (the DACs approximate the theoretically 
required ideal low-pass filter very poorly) 

(ii) time delay between corresponding input and 
output vectors because of the execution time 
of the digital computation frame 

(iii) time shift between the various components of 
input and output vectors because of the serial 
;n-nl1t /l"\l1t-nl1t .&,..LI,.1'''''''1 Vu.VPu.u. 

We call the respective errors' caused by these three 
sources the 'sampling errors,' the 'delay errors' and the 
'skewing errors.' The skewing errors can only be 
avoided by appropriate hardware measures such as par­
allel track-and-hold circuits at the multiplexer inputs 
and double-register DACs, or-as in our case-by an 
I/O transfer rate that is so high that no appreciable 
errors occur. Some authors have suggested reducing 
sampling and delay errors by utilizing additional hard­
ware in the analog computer, however, these methods 
are tedious and too expensive to be of practical use. 
Giloi has shown in an earlier papers that a much better 
error compensation can be obtained by a digital filter­
ing algorithm which is part of the computation frame. 
This method reduces sampling and delay errors simul­
taneously by an arbitrary high degree and is very easy 
to implement. 

It has been shown in the quoted papers that the 
error compensation is almost as good when using non­
recursive filter functions as in the case of recursive 
functions, yet nonrecursive functions do not cause 
stability problems. Therefore, HARTRAN includes 
a 'filter' algorithm of the kind 

G(z) = ao + alz-1 + 3.2Z-2 + asz-s 

+ a.z-4 + 3.gZ-5 + aaz- 6 

which may be executed in the context of the RUN sub­
routine by the statement 

CALLECF 
('ao', 'aI', 'at', 'as', 'ai, 'ai, 'as') :: digital error com­

pensa tion filter 
passed by all the 
output-bound data 

The maximum order of the filter is six, but by setting 
some of the coefficients to zero any lower order may be 
obtained. One important parameter of the filter does 
not have to be declared, as it is the 'sampling interval' 
which is equal to the frame time and, hence, is known 
to the filter algorithm by the CALL FRA statement. 
If the frame time is changed, the filter subroutine takes 
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this automatically into account. (For the values of the 
coefficients 3.0, al, ... , a6 see Giloi's paper.) 3 

The control state and HYTROL 

By calling HYTROL the system is put into the con­
trol state (no matter in which state it was) and the 
system control can be performed by the human oper­
ator in a conversational mode. The program begins the 
dialogue by typing HYBRID CONTROL and in the 
next line a C. That means that the user is asked to 
speGify the control medium, i.e., the device by which 
he wants to communicate with the system. If he types 
TYI, he continues using the console typewriter. In the 
case of a spacious installation or, even more, if the 
digital and the analog part of the system are located in 
different rooms (as in our case), it is very convenient, 
if not inevitable, to have next to the analog computer 
console a second typewriter which is selected by typ­
ing TY2. Card readers (CR) and paper tape readers 
(PR) may also be used, but only in the case when the 
system returns eventually to the HARTRAN program 
(i.e., the last statement has to be either RET or BEG). 
If an L is added to CR or PR, the instructions are 
printed. Any other statement than one of the set {TYI, 
TY2, CR, CRL, PR, PRL} typed after the C causes 
a SYNTAX ERROR message as well as any other 
violation of the HYTROL syntax. 

Mter that, the user can start any controllable func­
tion of the system. For this purpose he has a set of 
l\1ACROs at hand. 

For the analog computer mode selection we have 
the following set of yIACROs 

{CON, REP, ITR, CONH, REPH, ITRH, STY} 

corresponding with the SUBs of an earlier section. An 
analog computer run in the selected mode is actually 
started by typing OPE. This is in correspondence to 
what the OPERUN subroutine is doing. 

For the setting of a potentiometer, one has to type 

POT 'name' 'value' 

(blanks are arbitrary). The reader may notice that the 
potentiometer address is now part of the name, as the 
POPs allow only to specify one parameter (the value, 
defined as in the POTSET SUB). 

The same feature holds when the AC readout system 
is activated by a MACRO. Here we write 

SEL'name' 

whereas, again, 'name' is the analog component which 
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has to be selected (for example P 137, A 72). The out­
put of the selected unit is converted and printed as a 
i-place decimal number plus sign (e.g., + .dddd). 

Sense lines and control lines can be checked (eRR) 
or activated (SET/eLR), respectiveiy, by the fonow­
ing set of MACROs 

{CHK 'name', SET 'name', CLR 'name'} 

For the setting of the 'normal' and the 'complemen­
tary' run timers and. the 'frame time,' we have the 
MACROs RTN'ddd', 

OTN'ddd', HTN'ddd' .. (reset time normal, op­
erate time normal and 
hold tinlO normal) 

RTC'ddd',k 
OTC'ddd', HTC'ddd' .. (reset time, operate time 

and hold time of the com­
plementa phase) 

FTS'ddd' . . (frame time selection) 

'ddd' stands in all cases for a decimal number which 
specifies the time in milliseconds. 

Finally, we have two l\IACROs which provide a return 
into the HARTRAN program (which we may have 
left by a CALL HYTROL statement). When typing 

BEG :: begin 

the HARTRAN program is started anew at the begin­
ning, while by typing 

RET :: return 

the HARTRAN program continues by executing the 
SUB which follows the CALL HYTROL statement 
(the point at which the program was left). 

The execution of a procedure is actually started by 
the subsequent carriage return. If a comma is typed, 
the procedure represented by the l\IACRO in the pre­
ceding line is once more executed. HYTROL provides 
some error messages and some diagnoses. Possible error 
messages are 

SYSTEM NOT READY" if the analog computer 
and/ or the linkage is not 
switched on 

SYNT AX ERROR 

OVERLOAD 

. . in case of any violation 
of the HYTROL syntax 

.. if the AU has only a 

common but no individ­
ual overload indication 

Diagnosing error messages are 

OVERLOAD 'name' 

ADDRESS ERROR 

SELECTION 
I:vIPOSSIBLE 

SERVO SETTING 
IMPOSSIBLE 

TRIED THREE 
TIMES, DIFFER­
ENCE ± .dddd 

.. if the AC has an individ­
ual overload indication, 
'name' means the name 
of the overloaded com­
ponent 

.. this message follows a 
POT, SEL, CHK, SET, 
or CRL if the name 
in this statement is none 
of the legal names of all 
the analog components, 
sense lines, and control 
lines. 

· . in this case the name in 
the preceding MACRO 
was legal but the associ­
ated component is not ex­
isting in this particular 
installation. 

· . follows a POT operator 
if the servo does not work 

· . the servo works, but 
after three trials the dif,;, 
ference between the nom­
inal value and the actual 
setting is still more than 
0.04 percent (this thresh­
old is arbitrary). The 
maximum deviation is 
printed. 

The reader may notice that by the above listed 
MACROs, any parameter of a HARTRAN program can 
be arbitrarily changed, and thus, all control and possi­
bilities of on -line debugging are provided. If the user 
should decide to terminate the hybrid computation 
(because he found a mistake in the program or a 
component failure which cannot be repaired immedi­
ately, or for any other reason) he types. 

.M 



Hence, the monitor system of the digital computer is 
called. The DC may start to execute any arbitrary pro­
gram (or a batch of programs) under control of the 
monitor. This program batch may have nothing to do 
with the hybrid program, or it may contain standard 
I/O programs which are used in order to process the 
results of the hybrid computation (e.g., printer, plotter, 
or display routines). If the HARTRAN program ends 
with the last two statements 

CALL HYTROL 
:\1 

the system returns automatically into the monitor 
mode. 

Time-sharing of the digital computer 

With respect to digital computer utilization, hybrid 
computation is extremely inefficient and, thus, ex­
pensive. The setting of a servo potentiometer for ex­
ample requires some seconds, the setting of some tens 
of potentiometers adds up to minutes, during which the 
DC is idle. If the user is in the process of debugging his 
hybrid program on-line, it is even worse. In the case of 
an undebugged digital program, on the occurrence of 
an error, this program is dumped out, and the program­
mer may think about his mistakes without locking the 
computer. The hybrid programmer, however, will start 
to use HYTROL (since he has this wonderful tool avail­
able) in ofder to find out what is wrong. During the 
many seconds or minutes of meditation, he will hardly 
release the system. The worst of all cases occurs when 
he must halt to change his analog setup (as analog com­
puter users are very likely to do). 

If the monitor is loaded together with a 'background' 
batch of programs, the user can at least immediately 
restart the execution of the background batch (by the 
~I operator) when he realizes that for some reason he 
cannot continue with his hybrid computation. But there 
are two problems: Once he has lost the access to the 
digital computer it will become difficult for him to get it 
back. The second problem is that in a so-called balanced 
system, the DC has hardly core memory enough to 
accommodate the resident part of the monitor, at least 
one background program, possibly a compiler, and in 
addition the HARTRAN program and HYTROL. 
(OPERUN and HYTROL alone take about 2.7 K of 
core memory.) 

If the installation includes a rapid access disc or drum, 
the second problem could be solved by swapping the 
hybrid program for the backgorund process and vice 
versa. From there it is only a minor step to time-share 
the digital computer all the time the hybrid program 
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is in"the HYTROL mode. Since there are only two pro­
cesses competing for CPU time, a relatively large time 
slice can be allotted to the background program with­
out causing discomfort to the user of the hybrid system. 

The simplest way to implement such a system is to 
modify HYTROL so that when HYTROL is called it 
sends the C message and calls the monitor right after 
that to start executing the background batch. After a 
certain time (e.g., one second) given by a real-time 
clock (e.g., that of the AC run-timer), the background 
process is interrupted and HYTROL asks whether the 
hybrid system operator has in the meantime completed 
a HYTROL statement. If the answer is yes, this state­
ment is executed and the system returns to the back­
ground process, as it does directly if there was no 
HYTROL statement completed. If the statement is 
RET or BEG, the background process is swapped out 
and the entire hybrid program is swapped in from the 
disc. Therefore, the digital computer is only exclusively 
assigned to the hybrid process when the latter is in its 
real production phase. :Notice that for the implementa­
tion of such a system only a small part of the entire 
program package-namely HYTROL-has to be 
modified, one of the advantages of the modular struc­
ture of our software interface. 

STATEST 

STATEST is a special program which executes auto­
matically a static check of the analog setup, hence 
detecting patching errors as well as failures or poor 
performance of components. By virtue of a built-in 
optimization strategy, the best suited test values are 
automatically evaluated by STATEST. Everybody 
who is familiar with the static check procedure on an 
analog computer knows that this is a most crucial 
point. In the case of STATEST, however, all that has 
to be done is to give the program a description of the 
analog setup (the analog part of the hybrid program in 
treatment). As far as we know, these features are 
unique. 

The setup description consists of a list of connection 
statements, one for each component, which are written 
in the form of pseudo-equations. On the left side of 
such an equation the name of the 'object' is listed the 
output of which has to be checked. On the right side, 
the names of all source elements are listed which con­
tribute to the input of that particular unit, combined 
by the arithmetic expression which this unit is per­
forming. The names of the various units correspond 
with the addresses of the analog readout system. Vari­
abIes (represented by the name of theu source) which 
are fed to inputs with gain factors different from one 
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have to be multiplied in the equation by the re­
spective gain. 

In the case of a multiplier, for example, which may 
have the name 1'.1[19 and which may multiply the out­
puts of summer 846 and of function generator F3; we 
write 

lV119 = 846 * F3 

(spanks are arbitrary). If the function generator input 
comes from integrator 17, we write 

F3 = F3 (17) 

Hence, F3 denotes both the name of a component 
(on the left side of an expression) and the corresponding 
function (on the right side of an expression) which has 
to be specified by a table and which has the source 
element as argument. Potentiometers and digital-to­
analog converters (DACs) are not source elements, but 
are listed as multiplicative coefficients of the associated 
variables, represented by their name and not by the 
value to which they are set. Thus the setting of potenti­
ometers and DACs may be arbitrarily changed without 
any change in the connection statement list. The cur­
rent settings can be found in the POT8ET list which 
has to be read-in or typed-in anyway. Figure 330 gives 
an example for one particular branch of the setup. In 
this case, we have to write 

117 = 10 * 116' + P35 * NR + 10 * 117' + F3 + S23 

Notice that the notation may be recursive if there . ' 
IS a feedback from the output of the object to its in-
put, except in the case of integrators (as in our example). 
In the static check mode, all integrators are changed in­
to summers, the output of which yields the (negative) 
sum of all inputs, while the proper integrator output 
is substituted by a test value taken from the reference 
directly or via a potentiometer, or even from other 
components such as, for example, DACs. This is indi­
cated in Figure 3a, and in this case we have to extend 
the connection statement list by the following two 
statements 

116' = PI * NR and 117' = P2 * PR 

etc. (PR = positive reference, NR = negative refer­
ence). 

When STATEST is activated (after the complete 
setup description, including the POTSET and FUNC­
TIONS list, was put in), it s\vitches the AC mode to 
'static check' and starts setting the potentiometers to 

r 
P2 

--0--.......... 117' 

PR· positive ref.-nee NR· M9Qtlve referencl 

Figure 3(a)-Example of a particular setup branch represented 
by one connection statement 

the values of the POTSET list. After that, it focuses its 
attention on the first pseudo-equation of the list. As a 
first step, it measures the output Vo of the object of this 
equation and checks whether it is in the range 

.05 Yref 5 Yo 5 Vref (Vref = reference voltage). (*) 

This may not be the case, and thus, STATEST has to 
take steps in order to enforce the validity of this con­
dition. For this purpose, a search procedure is started 
which goes through all the branches of the tree which is 
a graphical representation of the input/output relations 

-t>- Primitive 

---©-- Terminal 

Figure 3(b)-Logical representation of the connection statement 
given in the text (Associated with the setup of Figure 3 (a) 



of the particular unit under consideration. (For the 
given example, such a tree is shown in Figure 3b. The 
nodes of the graph are denoted by the algebraic opera­
tions and the branches by the name of the variables.) 
The program checks all the potentiometers in the re­
spective equation (the potentiometers that specify the 
test values included) to see which of them has maximum 
influence on the tenninal node when being changed. 
Thereafter, the setting of the potentiometer for which 
the object output is most sensitive is changed until 
condition (*) holds. 

As STATEST has to traverse through several 
branches in order to find such a potentiometer, the oper­
ations of the intermediate nodes indicate the direction 
of the change (e.g., in the case of a divider a coefficient 
of the nominator would have to be increased in order 
to increase the output of the unit while a coefficient of 
the denominator would have to be decreased, and vice 
versa). 

In any branch of the tree, the search procedure ends 
at the first potentiometer or a 'primitive' like the refer­
ence. In any branch, up to three components can be 
taken into account (this is a matter of the available 
core memory). STATEST does not care if there are 
overloads in parts of the setup other than the particular 
one which is currently under consideration. Hence, the 
convergence of the procedure is always guaranteed. 

Once condition (*) holds for the current object the 
outputs of all the source elements are measured too, 
and the nominal results of the algebraic expression 
represented by the connection statement is calculated 
and compared with the actual (measured) result. Any 
deviation exceeding a given boundary e* results in an 
error message together with a printout of the error 
magnitude. The parameter e* is individually evaluated 
by the program for each one of the respective objects 
as a multiple of a common error level' E. Hence, the 
number and gain factors of inputs of the object are 
taken into consideration (e.g., a gain of 10 leads to an 
E* that is 10 times greater than E, etc.). The basic 'pre­
cision parameter' E depends, of course, on the particular 
analog computer and has to be declared by the user. 

Eventually, when the program has gone through all 
the connection statements, all potentiometers are re­
set according to the POTSET list. Since that procedure 
is double-checked by the POTSET SUB, it is made 
sure that no new errors are introduced after the STA­
TEST procedure has been finished. There are some more 
important details of this very sophisticated program 
which cannot all be mentioned in this paper. Our cur-. 
rent STATEST version takes 10K of core memory for 
the interpreter plus some additional memory space 
for the connection statement list (approximately 1K 
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for a typical 100-amplifier-program). But it could 
easily be shortened to run on an 8K configuration. 
ST ATEST inbludes also a routine which searches for 
hidden algebraic loops and gives a message if there is 
one. Furthermore, it can be easily connected with a 
program that calculates the setup (such as APACHElO). 
Of course, STATEST is only loaded into core when 
needed. 

ACID and the PROGRA1itI LIBRARY 

Most of the interface and analog computer functions 
could be checked by using HYTROL, but not all of 
them. Furthermore, if one wants to check out system­
atically the entire system and its reliability, it would 
be much too tedious to do it that way. All these tasks 
have to be automatically accomplished by special 
test programs. Naturally, the number and kind of such 
programs depend on the specific structure of the analog 
computer and the hardware interface, so that it is not 
possible to suggest a general concept as in the case of 
the operating system. K otwithstanding, we will give in 
the following a list of the ACID programs available and 
a short description of theIr function in order to indicate 
what these programs are about. It is almost needless to 
say that these programs use the same modules (SUBs, 
POPs, and FUNCs) as all the other parts of the soft­
ware package. 

SELEC :: Test of the AC selection system (ACSS). 
Selects for a designated number of times 
every AC component. Each time the actual 
contents of the ACSS address register is 
checked via a sense line feedback. In case 
of a deviation, an error message is printed 
together with the actual address and 
number of iteration. It is also printed if 
the selection of a component is impossible 
e.g., if this component does not exist. 

2\10DE .. Test of the AC mode control. All possible 
AC modes are activated, and the actual 
mode is checked by sense lines. 

CLOCK . . Test of the AC run timer and the frame 
time clock. Both timers are set so that the 
ratio of the run time with respect to the 
frame time is an integer greater than one. 
The number of end-of-frame interrupts 
(EFIs) which fall between a 'start' and a 
'end of run' interrupt is counted. If this 
number does not correspond with the time 
ratio, an error diagnosis is given. The pro­
cedure is executed for various run time 
and frame time clock settings. 
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READ .. Test of the AC readout system. Test 
values are given via a DAC into the AC 
readout system and read back via the 
ADC into the DC (the AC readout system 
has a special dummy address for this pur­
pose). Deviations which exceed a desig­
nated level are printed together with the 
DAC and multiplexer address used. 

POT .. Repeated test of potentiometer settings. 
Arbitrary parameters are the number of 
repetitions, the increments of the pot set­
tings and an error threshold. The pro­
gram sets every pot to a certain sequence 
of values starting with zero and increasing 
by tHe chosen increment (until .9999). 
This procedure is repeated for a selected 
number of times. Eventually, a list is 
printed listing the name of the pot and the 
number of the iteration for each in which 
the error threshold has been exceeded. 
Additionally, the relative frequency, m~an 
and variance of. all listed errors are 
printed. 

RUNI .. Test of the system interrupts under dif-
ferent AC modes. The number of EFls is 
counted which occur in a given time inter­
val and the content of the interrupt cells 
is checked. Errors are diagnosed. 

LOGIC .. Test of sense lines and control lines (via 
closed loops which have to be patched on 
the AC's logic box) 

IOAR .. Test of the I/O-address register in the 
interface and the multiplexer and con­
verter address decoding. 

LOOP .. Test of the data transfer to and from the 
AC. The DAC outputs are connected 
with the multiplexer inputs.. Various values 
are given out via the DACs and received 
back VIa the multiplexer-ADC. Any 
difference between the original value and 
its received echo which exceeds a pre­
selected error threshold is printed wi th the 
statistic::! of 9,11 t.he tri9Js as in POT, 

l\IULT .. Test of pairs of IVIDACs, One ]VIDAC is 
set in increments of .01 between 0 and 1. 
Its output IS multiplied by a second 
l\1DAC (which has a constant digital in­
put). Kominal and actual results are com-

pared. Errors are listed, together with all 
required information. 

IDAC .. Test of the interpolating DACs. 

It is even less possible to give a general concept of the 
required LIBRARY PROGRAl\1S as these depend 
essentially on the requirements of the users. Programs 
for parameter optimization routines, function storage 
and reproduction (with and without delay), fast 
FOURIER transform, statistical parameter estimation, 
etc., etc., should be mentioned. 

It should also be mentioned that writing the digital 
part of a simulation program is in our case facilitated by 
a block oriented digital simulation language which we 
have developed and which we call SIESTA.8 SIESTA 
is a superset of the SCi-CSSL Lariguage,9 and our 
SIESTA compiler was one of the first implementations 
of CSElL. 
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A real-time programming language and 
its processor for digital control of 
industrial processe; 

by LIANG·LIANG 

INTRODUCTION 

The acceptance of digital control for large scale indus­
trial processes, such as chemical, refining, power, and 
material processing is a step towards total automation 
and a further improvement in control system per­
formance. Process control oriented programming lan­
guages provide a control engineer with means to learn 
and hence set up, modify, and operate a control system 
with ease. They eliminate the complication of involving 
a programmer, who generally has little knowledge about 
process control engineering. The result is a reduction in 
time and dollars for digital control system generation. 

Such a language and processor has been designed and 
implemented. It has many desirable features: process 
control engineering orientation, independence of ma­
chine, modular structure, convenience of capability 
expansion, and conversational mode for on-line design 
and modification. The basic concept to implement a 
digital control system is borrowed from analog control. 
The system is created by connecting elementary con­
trol modules together. The rationale is that most ex­
perienced process control engineers and field-proven 
control schemes are still heavily analog control oriented. 
On the other hand, the language can readily be used to 
implem~nt highly interacting, nonlinear, feedforward, 
self-tunmg types of control. Thus the language serves 
an immediate need in the process control field while 
awaiting the breakthrough of large scale multi-control­
variable manipulation at the regulatory control level 
which seems still remote for actual field application. 

Speci ficalian 

Format 

A control system is to be implemented modularly. The 
basic elements are statements and functional blocks. 
Each block may consist of a number of statements. 

p OP A B I c 
Prefix Operator Operands Comment 

Figure 1---8tatement format 

The basic format of a statement is a binary operation 
with an operator and three operands. For example: 
ADD,A,B,CmeansA + B = C. 

The prefix could be the label of the last statement of 
a loop or a transfer entry. Comments could be added 
following the operand field. Such a statement format 
simplifies the syntax of the language and hence the 
source compilation. Although the format is simple, it is 
wholly adequate for this application. A variety of op­
erations can be implemented. These include: arithmetic, 
control and logic functions, I/O handling, matrix, and 
decision table manipulation. The resulting control sys­
tem resembles an analog control system with state­
ments replacing analog control modules and blocks of 
statements replacing cabinets of control modules. 
Program modularity has further advantages for pro­
~ramming and man-to-man communication, adaptabil­
Ity to change and expansion. Beyond these convenience 
aspects, this organization makes it possible to imple­
ment some important features, such as block execution 
according to priority (handling emergencies), sequence 
(process startup), sampling period (process normal 
control), and time-sharing (to utilize computer free 
time), on-line design and modification, and block execu­
tion time estimation. 

Control system decomposition 

It is left to the judgment of the control engineer as 
to how a control system should be decomposed. Con­
sider as an example, a control system is to be designed 

843--------------------------------
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Evaporator 

Control 

Control Headbox Control 

Figure 2-Paper making process control 

for a paper making process. The control engineer may 
draw up the control schematic as he used to and 
may divide the control system into blocks according to 
functions (stock consistency control, pressurized head­
box control, multi-effect evaporator control, etc.) 

Source coding 

A simple example is used to illustrate the coding of a 
source program. A single control loop is assumed. The 
control engineer assigns names to variables and 
parameters and starts to code the source program 
directly from the schematic. 

a. EBK, PRESS END OF PRESSURE 
CONTROL BLOCK 

b. DBK, TElVIP, 5 TEMPERATURE CON-
TROLBLOCK 

c. DNS, DFS DECIMAL, FLOATING 
POINT, SINGLE PREC. 

d. SUB, RT8, 
YT8, ET8 TEl\1PERATURE ER-

RORSIGNAL 
e. INT, ET8, 

K15, D3 INTEGRAL CONTROL 
f. 
g. EBK, TEi\IP END OF TEl\IP. CON~ 

TROL BLOCK 
h. 

with the interpretation: 

a. Declare the end of previous block PRESS; 

~1easurement 

YT8 

Difference 

ET8 

Integrator_ f Gain: K15 

D3 

Drive D 

Figure 3-A control loop 

b. Declare block TENIP to be executed every 5 
seconds; 

c. Declare number system to be used for the block: 
decimal, floating point, single precision; 

d. Subtract measurement YT8 from setpoint RT8 
and obtain error signal ET8; 

e. Integrate error signal ET8 with integral gain 
K15 and generate driving signal D3; 

f. More statements may be added; 
g. Declare the end of block TEMP; and 
h. l\,iore blocks may be added. 

Rules and procedures 

A fixed statement fonnat is used. Functional blocks 
must be declared. Both transfers and looping must be 
confined to the same block. Statements may be entered 
one by one through a teletype or in a lump sum through 
reading a stack of cards. During source compilation, 
the block execution time is estimated as a check on the 
proper assignment of sampling period to the block. 

On-line design and modification 

During design, check-out, installation or operation 
phase, changes made on a control system can be an­
ticipated. Thus it is desirable to implement changes 
on-line, without recompiling the total source program 
and without affecting the normal running of the process 
and the control system. 

Here, the control engineer refers only to the source 
program and communicates with the computer in a 
conversational mode. A version of the source program 



is kept in the memory and is updated automatically 
whenever a modification is made. The following on-line 
modification can be made: 

a. Insert a block; 
b. Delete a block; 
c. Restore a deleted block; 
d. Modify block sampling periods; 
e. Redefine decimal place of a block (fixed point 

n,,'t'Yl 'ho ... \ • 
L.Lu..a.~.UJ"V~ J , 

f. Insert one or more statements; 
g. Delete one or more statements; 
h. lVlodify parameter or variable values· and , 
1. Modify the state of a Boolean variable. 

Some typical il1ustr8j,~ons are: 

a. ISB, CONTL, 10; 
b. ISS, CONTL, 5, 1 

ADD, SPE, STE, TQ; 
c. DLS, CONTL, 3, 2; 
d. MSP, CONTL, 5; 
e. MPV, K15, 12.5; 

Their interpretations are : 

a. After the teletype is in l\1odify Mode, the control 
engineer enters the operation code of inserting 
a block, ISB; block name CONTL; and block 
sampling period of 10 seconds. A comma is used 
to separate items and a semicolon is used 
to terminate a message. The latter initiates on­
line compilation. The new block will iminediately 
be integrated to the operating program and will 
be executed once every ten seconds; 

b. Insert one statement SPE + STE = TQ into 
block CONTL following the fifth original state­
ment; 

c. Delete two statements from block CONTL 
starting from the third statement·' , 

d. Modify sampling period of block CONTL to five 
seconds; and 

e. Modify the value of parameter K15 to 12.5. 

The evaluation of the result of a modification requires 
human judgment. The control engineer is expected to 
know what he is doing. A more advanced approach is 
to let the computer accept or reject a modification. 

On-line design of a' control system is an application 
e~tension of on-line modification. That is, one can prac­
tICally start from scratch and build up the control sys­
tem by inserting blocks and statements while the con­
trol system is running. 

I mple:mentation 

The language processor is functionally divided into 
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three major parts: Supervisor, Compiler and :\fodifier. 
The Supervisor coordinates and schedules the proper 
execution. of all the programs (language processor, 
man-machine communication, utility programs and 
control system). The Compiler translates all source 
entries into machine language object code. The Modi­
fier realizes on-line modification. The implementation 
of the Compiler will not be discussed. However the 
highlights of the ::'Vlodifier will be given. ' 

After the Supervisor identifies an input as an on-line 
modification operation, the Modifier takes over and the 
proper subroutines are caned to process the request. 
Assume an input ISB, CONTL, 5; is entered. The cor­
responding source will be: 

DBK, CONTL, 5 (Declare block) 

EBK, CONTL (END of block) 

and the object listing becomes (expressed in assembler 
language for clarity) : 

Ql TRUQ2 (Transfer) 

Q2 TRU SUPERVISOR (Transfer) 

where Ql is the entry point for transfer from the Super­
visor. The first object instruction is a transfer to the 
second instruction, and the second, a transfer back to 
the Supervisor. 

The corresponding data file will be updated (block 
name, type, sampling period, execution condition, num­
ber of statements in the block, starting and ending 
location of the block and of each statement in the 
block). The new block will now be executed every five 
seconds. Assume the statement ADD, A,B,C is to be 
inserted into block CONTL following the first state­
ment. The source becomes: 

.. 
DBK, CONTL, 5 (Declare block) 

ADD,A,B,C (A + B = C) 

EBK,CONTL (End of block) 

The new object-listing is : 

Ql TRUQ3 (Transfer) 

Q2 TRU SUPERVISOR (Transfer) 

Q3LDAA (Load) 

ADDB (Add) 

STAC (Store) 

TRUQ2 (Transfer) 
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where patching method is used. Suppose the statement 
ADD, A,B,C in block CONTL is to be deleted. The 
source resumes its original form: 

DBK, CONTL, 5 

EBK,CONTL 

(Declare block) 

(End of block) 

The object listing becomes: 

Ql TRUQ3 

Q2 TRU SUPERVISOR 

Q3TRUQ4 

ADDB 

STAC 

Q4TRUQ2 

(Transfer) 

(Transfer) 

(Transfer) 

(Add) 

(Store) 

(Transfer) 

Thus the deleted statement will be excluded. The 
implementation of the rest of the modification opera­
tions entails little difficulty and win not be discussed. 
But there are several design considerations worth 
mentioning. Error messages should be typed out when­
ever a wrong entry is made. Whether the object codes 
corresponding to a source statement is a direct insertion 
or branching to a subroutine, the choice should be an 
appropriate balance between memory space and execu­
tion time. Safety features should be incorporated in the 
object program, such as saturation on arithmetic opera­
tion overflows. The capability of the language should be 
tailored according to needs. :Much of the sophistication 
can be excluded for many simple appli~ations. Even 
though only teletype has been mentioned, the use of a 
CRT or a console with push buttons as man-machine 
interface is feasible. Only minor modification of the 
language processor is required. 

• 
Experiment 

The purpose of the experiment is to demonstrate the 
use of the language to design a control system on-line. 
A simplified heat exchange process with two inputs and 
two outputs was simulated by an analog computer. 

The simulated system hardware set-up is shown in 
Figure 5. 

(Combustion. Rate) CR PG (Power Generation) 

(Fluid Flow) FF FT (Final Temperation) 

Figure 4-Process model 

Digital 

I 

I 

Interface 
Analog 

Computer 
(Process 

LE:J Analog 
Recorders 

Figure 5-Simulated system hardware set-up 

Two single control loops were designed with power 
generation controlling combustion rate and final tem­
perature controlling fluid flow. The control schematic 
was prepared as in Figure 6. 

The algorithm of the other control loop was the same 
except with different naming of variables and param­
eters. While the process was running, the first control 
block was declared and then statements were inserted 
one after another until the control loop was constructed. 
The control gains and set-point were set respectively. 
The source listing of the first control loop was: 

DBK,CTLl,2 (Declare block) 

SBT,10, PG (10 ~PG) 

SBT,K0,RPG (K0~RPG) 

SUB,RPG,PG,EPG (RPG - PG = EPG) 

SBT,EPG,02 (EPG ~ 02) 

~IUP, K2, EPG, CRI (K2*EPG = CRl) 

INT,EPG,K3,CR2 (f K3 *EPGdt = CR2) 

ADD,CRl,CR2,CR (CRI + CR2 = CR) 

SBT, CR, 00 (CR ~00) 

EBK,CTLI (End of block) 

r'leasurement 

l'-lul tiplication Integration 

CRI 

r-1anipulated Input Display 

Figure 6-Combustion rate-power genera.tion control loop 



In the same way, the second control loop was con­
stnlCted. The results shown in the following diagrams 

~Set Proportional r Gain 
r Set Integral Gain 

RPG (Setpo1nt) 

FG V~~~-~:e~~~:~---~ 
~ - ---- --- - ------ --- - - --- ---- -.. - - - - --- --- --

~ ~ 
FT ___ ~~a:_ ::m!::~!~_e ________________________ . 

FF Fluid Flow 

Step Response of Power Generation (PG) 

by Manipulating-Combustion Rate (CR) 

Figure 7-Response of process af ter first control loop installed 

I.. Set Pr,?portional LSet Integral Gain 
I Ga~n I 

~ ____ p_ow_e_r __ G_en_er.r~at_i_o_n ____________________ _ 

FT Final Temperature 

----------------------~ --=-=-=------ --- --------- ---- -- ---- -- -:-:--~-':":--:-:-~----
RFT (Setpoint) 

------------------------------------------~ 

CR Combustion Rate 

~~~----------~ -------------------------

Control of Final Temperature (FT) 
by Nanipulatine; Fluid FloVl (FF) 

Figure 8--Response of process after second control loop installed 
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PG (a) + (b) 

Power Generation 

RPG(Setpoint) 

FT Final Temperature 

---------~-~-~-----~~= 
RFT(Setpoint) 

Fluid Flow 

-----------------------------------------------

~ ~~ombust.ion Rate 
n~ ~ ~ Lrr~--------------------

------------------------------------------------

(a) Reduce the sampling period of PG-CR control 
loop by half and make a step change of RPG 

(b) Double the samplinG period of FT-FF control 
loop and make a St9P change of TIFT 

Figure 9-Response of process by modifying sampling 
periods of control loops 

were highlights chosen from a recorder which was run­
ning while the control system was being designed Oll­

line. It must be noted that they look the same as 
those obtained by a digital control system designed 
off-line. However, there is a difference that this con­
trol system was gradually built up block by block and 
statement by statement while the process was running. 

CONCLUSION 

The language has been recognized by individuals with 
relevant training, to be quite easy to learn and use. 
The organization makes both the language processor 
and the control system flexible for change and ex­
pansion. The statement format is simple but adequate. 
Source compilation is straightforward. On-line design 
and modification which resembles wire-patching on an 
analog computer has been demonstrated to be feasible. 
Although the language is intended for industrial process 
control, it can be used for process modeling and scientific 
computation. In addition, it can be integrated into other 
programming languages for broader application. The 
language is also effective for laboratory use as in ex­
perimenting with digital control schemes. 
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A new graphic display/plotter for small 
digital computers 

by GRANINO A. KORN, STEVENS SIMONS, 
RUSSELL STEINBACH, and CLAUDE WIATROWSKI 

The University of Arizona 
Tucson, Arizona 

INTRODUCTION 

This report describes a new inexpensive cathode-ray­
tube-display and recorder interface designed to provide 
graphical output for many of the increasingly popular 
small digital computers in the 12-to 24-bit class. Our 
original design was developed to produce differential­
equation solutions, phase-plane plots, correlation func­
tions, spectra, and amplitude distributions for on-line 
digital simulation with the 18-bit PDP-9; but the inter­
face logic is flexible enough to serve many other comput­
ers and applications. 

Our display design does not involve the use of a 
storage oscilloscope, so that "dynamic" or changing 
displays are possible. A single "packed' 18- or 16-bit 
display word sets both X and Y coordinates of a display 
point, which halves our refresher-memory requirements. 
As a novel feature, the cathode-ray beam intensity, 
line-segment (vector) generation, and X-coordinate 
incrementing can be controlled not only by programmed 
instructions, but also by special data words correspond­
ing to unused coordinate combinations. Since the dis­
play then requires op.ly data words, completely auto­
matic data-channel operation is possible, i.e., the 
display can be refreshed or changed with the cycle­
stealing automatic data channels built into many of the 
newer small computers with little or no programming. 
The display will also operate xy (servo) recorders and a 
four-channel stripchart recorder. 

The entire cost of the display interface, when built 
with Digital Equipment Corporation logic cards, is less 
than $1,900--exclusive of power supplies and display 
oscilloscope. The use of DEC cards is convenient for 
interfacing with the PDP-9, but logic costs could be 
halved if the interface were assembled with integrated­
circuit logic. In this case, the entire display interface 
would fit on two or three logic cards. 

849 

Figure I-Display unit. (left) built. into the Univers.ty of Arizona's 
DARE (Differential Analyzer REplacement) console. When 
differential equations or analog-block interconnections are typed 
onto t.he CRT typewriter (television monitor at right), Lie 

display shows solution curves on-line 

Basic display operation 

Figure 2 illustrates the design of the digital-computer 
driven cathode-ray-tube display. Referring to Figure 
2a, a point (X, Y) on the oscilloscope screen is posi­
tioned throl:lgh deflection amplifiers driven by g...bit 
digital-to-analog converters (X- and Y -DACs). 
IVIatched RC delay feed-back networks on the X and Y 
amplifiers cause both deflection voltages to approach 
new values exponentially with the same time constant 
of about 0.7 p,sec. (Figure 2b). When the X- and Y-DAC 
registers are updated simultaneously, the point (X, Y) 
then generates a straight':'line segment useful for curve 
interpolation and vector generation, as suggested by 
Dertouzos.1 
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Figures 2a, b-Basic display operation. The data-transfer pulse 
IOT4 from device selector A or B is gated into one-shots 1 and/or 
2 and 3 by the enabling subdevice bit 12 and by 8-register bits 

810 and 811. DAC's are Pastoriza Electronics Minidac's 

Referring again to Figure 2a, the cathode-ray beam 
intensity is determined by a switched attenuator at the 
input to the oscilloscope Z-axis amplifier and three 
gated one-shot multivibrators, which permit selective 
brighten-i'ng of pO'i'nts a'nd/oT lines. These operations are 
controlled by a 9-bit digital control register, the S 
register, as follows: 

1. S-register bit 814 sets two djfferent beam inten­
sities by shorting a portion of a Z-axis attenuator 
resistor with a simple FET switch. 

2. 8-register bit 810 gates the DAC updating pulse 
into one-shot No.1 to brighten the screen while 
a line segment is drawn. As a new feature, a 
clamped differentiating network decreases the 
beam intensity as the beam slows down exponen­
tially (Figure 2b). This circuit results in more 
uniform lines than the original Dertouzos cir­
cuit. 

3. 8·register bit 811 enables monostable multi­
vibrators 2 and 3 to brighten the new display 
point or end point of a line segment (Figure 2b) . 

Suitable instructions loading the S-register wiU thus 
permit the cathode-ray beam to draw points, lines, dash 
and/or dotted lines, and also to brighten calibration marks 
on coordinate axes. It is also possible to cause portions of 
the display to blink. 

A primer on program--controlled data transfers 

We must next discuss how .computer-supplied. data 
words and 8-register words are entered into the display 
registers. As it turns out, .. a little study of computer­
data-transfer techniques Will permit us to develop a 
very versatile set of display instructions. 

Practically all computer-interface systems employ 
a "party-line" I/O bus of the general type illustrated 
in Figure 3. Here, all DAC and control registers intend­
ed to receive data words are permanently wired to the 
parallel computer I/O data bus. Additional party-line 
wires carry control-logic signals, which select a specific 
device and its mpde of operation and also synchronize 
data transmission with the digital-computer operating 
cycle. 

For a minimum of linkage hardware, interfaces work 
with programmed processor instructions. This method 
permits great flexibility at the cost of some ingenuity 
in assembly-language programming. Referring to Figure 
3, each input/output (lOT) instruction in the processor 
instruction register places a specific device-selection 
code on a set of device selection lines. The device selector 
associated with each individual device is essentially an 
AND gate which recognizes the device selection-code 
and gates one, two, or three pulses (lOT pulses) from 
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Figure :3-Program-controlled operation of a digital computer 
with party-line I/O bus. An I/O instruction addressed to a 
specific· device is recognized by a device selector, which gates 
data-transfer pulses to the device in question, as shown in Figure 4 

the processor into the selected device to effect data 
transfers and/or other operations. 

Figure 4 shows in more detail how the parallel­
connected device-selection and control lines of a typical 
laboratory computer system (Digital Equipment Cor­
poration PDP-9) correspond to the format of an input/ 
output-transfer (lOT) instruction word ill the processor 
instruction register.2-5 Bits 0 to 3 of the instruction 
word inform the processor that an input-output opera­
tion is wanted. Bits 6 to 11 place levels (0 or 1) on five 
device-selection lines parallel-connected to all devices 
on the I/O bus. When these lines carry the device-

/8 BIT /NST~I/Cr/()N 
WORO 

Figure 4-Program-controlled selection of device address and 
function: device-selector operation 

selection code associated with a specific device, its device 
selector (essentially an AND gate, Figure 4) gates (and 
regenerates) a set of one, two, or three successive pro­
cessor-timed command pulses (lOT pulses) used to 
effect data transfers and other operations in the selected 
device in accordance with instruction bits 15 to 17. 
Not all instructions and devices utilize all three pulses. 
Bits 12 and 13 of the instruction word ("subdevice 
bits") can similarly serve to select subdevices or can 
further gate the command pulses to select device operat­
ing modes. 

The most common application of the device-selector­
gated command pulses is data transfer from and to the 
processor; note that the pulses are synchronized with 
the processor operation cycle and, thus, with the 
processor's ability to transmit or accept data. Figure .5 
illustrates the principal data-transfer techniques: 

1. Clear-and strobe Transfer from the I/O bus 
parallel data lines into the flip-flops of a device 
register (Figure 530). Each flip-flop is first cleared 
by IOT2; then IOT4 strobes the l's on the data 
bus into the flip-flop register. 

2. Jam Transfer (Figure 5b). A single command 
pulse (IOT4) sets or resets the device-register 
bits in accordance with the data-bus levels. 
J am transfers require slightly more complex 
electronics than clear-and-strobe, but need only 
one pulse period for transfer. Jam transfer must 
be used whenever the register resetting opera-

rOT" fliT' 
(e) CLEAR AND 

STR()8E 

Figures 5a, b, c-Parallel data transfer: clear-and-strobe (a), 
jam transfer (b), and transfer into a double-buffered DAC (c). 
Flip-flops with diode-capacitor gates, like those used ~n the 
Digital Equipment Corporation PDP-9, are shown. Level mputs 
are "0" at 0 volts and "I" at -3 volts, but flip-flop gates set or 
reset the flip-flop when the level input is "0," and the pulse 

input goes UP to "0" 
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tion would disturb device functions. This is true, 
for instance, with DACs required to have a 
continuous voltage output, and also with con­
trol registers which continuously establish a 
device status. 

3. DoUble-buffered-register Transfer (Figure 5c). 
Data are transferred intothe buffer register by 
either a cIear-and-strobe or jam-transfer opera­
tion and are then jam-transferred into the device 
register. Double-buffered DACs permit simul­
taneous transfer ("updating") of the analog 
output of two or more DACs. 

As we shall see, suitable device-selecting instructions 
can also gate lOT pulses into a counter to increment the 
count. 2 

Display interface and display instructions 

Figure 6 shows all the registers of the display inter­
face. The interface employs two separate device selec­
tors, A and B. Each device selector can be addressed 
by several different display instructions from the pro­
cessor. Each instruction will generate a different com­
bination of the two sub device bits and the three lOT 
pulse obtainable from the device selector addressed, 
so that many different display instructions can be 
implemented (Figure 6 and Table I). 

Referring to Figure 6, the most important mode of 
operation involves simultaneous updating of the 9-bit 

VA"E-P g lOWE" S 
DATA 8/n (r,f1l11S) ~nf 8/T.S' 

I 
I 

Figure 6-The display registers, with the data-transfer (lOT) 
pulse effecting data transfers from the 1/0 bus to the variom. 
registers. Subdevice bits can produce many different combinations 
of the six lOT pulses available from two separate device selectors 
A and B, so that many different display instructions can be 

implemented 

X-and Y-DACs with "packed" 18-bit PDP-9 words from 
the I/O data bus: 

"Load Y -DAC with data bits 0 to 8, X-DAC with 
9-17, and display (Le., permit either point or line 
brightening). " 

Using octal notation for the instruction-register bits 
in Figure 3 (each octal digit stands for three bits), the 
required instruction is 

DXYS: 7 0 

Code for 
1/0 
Instruction 

o 6 

Device 
Selector 
A 

4 

Subdevice 
bit 12 

4 

lOT 4 (code i:s 
sum of lOT pulse 
numbers) 

Such use of a single "packed" I8-bit word for each 
display point is very advantageous: compared to sep­
arate X and Y transfers, we are halving data storage 
requirements, and we are doubling the maximum possi­
ble point-display rate. If one still desires, however, to 
load the display with separate X and Y words (say, 
to avoid the extra time. required for word-packing 
operations when points are displayed in the course of a 
fast computation), the instruction DXB (Table I) 
employs device selector B to clear and strobe the X­
buffer, which is thus loaded with data-bus bits 0-8: 

DXB: 7 0 o 5 o 
Code for Device ~o lOT Pulses 1, 2 
1/0 Selector Subdevice 
InstructionB bits are "1" 

(see also Figure 780). Next, one can simultaneously load 
the Y-DAC with data-bus bits 0-8 and theX-DAC from the 
X-bujJer, and display the 'fes-uUin,g pvi'nt or Ur;,e: 

DYST: 7 0 

Code for 
1/0 
Instruct.ion 

o 6 

Device 
Selector 
A 

6 4 

Subdevice lOT Pulse 4 
bits 12, 13 

To plot a curve Y(X) with equal X-increments, the 
X-buffer functions as a counter (Figure 7b). The in­
struction DYSl increments the X-buffer, then loads Y 
from the data bus and X from the X -buffer, and displays: 

DYSI: 7 0 

Code for 
1/0 
Instruct on 

o 6 

Device 
Selector 
A 

6 5 

Subdevice lOT Pulses 1, -t 
bits 12, 13 

Table I lists the most commonly useful display 
instructions. Figure 7a shows in detail how the .lOT 



1\1nemonic 

DXYS 

T'\ClT 
VOL 

DXB 
DYST 

DXC 
DYSI 

Mnemonic 

DXYL 
DYLT 
DYLI 
DXL 
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Table I-Display Instructions 
(see also Figures 3 and 6) 

(a) Basic Instructions 

Instruction Octal Code 

Load Y-DAC with data bits 0-8, X-DAC 700644 
with 9-17, and display 

I T __ ..1 CI ____ !_J.. ___ !J..L _1_..1.._ L!J.._ n ~I'T /l"lllfJ""tfiflnn 
.l.Juau 0 l-egl:SLer W Ull uaLa UU:s ~-.L I IVUO-'i-'i 

Load X-buffer with data bits 0-8 700503 
Load Y -DAC with data bits 0-8, transfer 700664 

X-buffer to X-DAC, and display 
Clear X-buffer and X-register 700505 
Load Y-DAC with data bits 0-8, incre- 700665 

ment X, and display 

Device lOT 
Selector Pulses 

A 4 

... 2 .ft 

B 1,2 
A 4 

B 1,4 
A 1,4 

(6) Instructions Which Move the Display Point without Brightening 

Device lOT 
Instruction Octal Code Selector Pulses 

Load Y with data bits 0-8, X with 9-17 700604 A 4 
Load Y and transfer X -buffer 700624 A 4 
Load Y and increment X 700625 A 1,4 
Load X (Y is unchanged) 700507 B 1,2,4 

(c) Instructions for Fast Drawing of Horizontal Lines 

Sub device 
Bits 

12 

13 
-

12,13 

-

12, 13 

Sub device 
Bits 

-

13 
13 
-

(Note: Instruction bit 14 clears all data bits in the PDP-9. To draw vertical line segments, use DYST.) 

Device lOT Sub device 
lVlnemonic Instruction Octal Code Selector Pulses Bits 

DXYC Clear X and Y, and display 700654 A 4 12 
DYCT Clear Y, transfer X- buffer, and display 700674 A 4 12, 13 
DYCI Clear Y, increment X, and display 700675 A 1,4 12,13 
DXS Load X with data bits 0-8, and display 700547 B 1,2,4 12 

(Y is unchanged) 

(d) Instructions for U and V Channels 

Device lOT Sub device 
lVlnemonic Instruction Octal Code Selector Pulses Bits 

DUVL Load V-DAC with data bits 0-8, U with 700602 A 2 -

9-17 
DAL Load Y and V with data bits 0-8, X and 700606 A 2,4 -

U with 9-17 
DAS Load Y and V with data bits 0-8, X and 700646 A 2,4 12 

U with 9-17, and display 



854 Spring Joint Computer Conference, 1969 

Figure 7a-This figure shows in detail how the different lOT 
pulses are gated to produce data transfers into the various 
display registers. Only one flip-flop of each 9-bit register is shown. 
Calibration switches can set the X, Y, U, and V registers to 0 
and -10 V for calibration. The gaied pulse amplifiert> transmit 
pulses (-3 V to 0 V to -3 V) when an ungated pulse input is 
pulsed, or when a gated pulse input is pulsed with the level input 
at 0 V. Pulse inputs P and Q are for automatic data-channel 

operation (Figure 8) 

Figure 7b-The X-buffer functions as a counter whose increment 
size is controlled by S-register bits 12 and 13 

pulses and subdevice bits corresponding to each instruc­
tion gate data into the. display registers. Note the 
following special features: 

1. Instructions with subdevice bit 12 = "0" will 
move the display point without brightening. This 
is useful for creating gaps in lines or curves 
without any need to reload the intensity-con­
trolling ~regjster. 

2. Instructions clearing either X or Yare useful 

for drawing coordinate axes; selective point 
brightening produces scale markers. 

3. Instructions updating Y or X alone can quickly 
create vertical and horizontal lines (coordinate 
lines, bar charts). 

The instruction DSL loads the ~regjster with data­
bus bits 9-17; Table II lists the functions of the individ­
ual S-register bits. 

Table II -8-register bit functions 

Bit 

9 
10 
11 

Function 

enable data-channel clock 
display POINT 
display LINE, 

or recorder 
PEN DOWN 

12} I X-increment size: 00 = I 
13} 01 = 2 

10 = 4 
11 = 8 

14 Beam intensity 
15, 16, 17 Spares 

The large number of different instructions possible 
with only two device selectors has also permitted us to 
transfer data into two additional DACs CU and V 
regjsters in Figure 6), which are intended for use with a 
four-channel strip-chart recorder but could, in principle, 
be employed to generate a different display on an addi­
tionaloscilloscope. 

Automatic data-channel operation 

While program-controlled display instructions can 
conveniently alternate with other processor operations 
(computations and data taking) through program 
branching and interrupts, much more elegant and effi­
cient display operation may be possible through direct 
memory access with the automatic-data-channel hard­
ware available with many modern small digital comput­
ers. Our display is, therefore, designed to work with 
one of the cycle-stealing data channels built as a stand­
ard feature into the PDP-9. Only two processor instruc­
tions are needed to specify the starting address and word 
count of a block of memory associated with a display 
picture. The processor then steals memory cycles to 
output an 18-bit word directly from memory whenever 
an external data-request pulse is sensed. When a complete 
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Figure 8a-Automatic-data-channel operation. Processor in­
structions set the number of words and the starting-word 
address in a display block and enable the display clock. From 
then on, data words are transferred to the display on each display­
clock request pulse without any need for processor instructions. 
A data-channel- end-of-block signal is used to interrupt the 

processor, which then restarts the sequence 

Figure 8b-Recognition gate for data-channel S-register transfers 
(see text), and end-of-block interrupt flag 

block of, say, 2,000 data words is finished, an end-of­
block pulse can be used to interrupt the computer pro­
gram and to reinitiate the block transfer (Figure 8a). 
No other display instructions are required, and memory 

locations corresponding to display points can be updated 
at any time between data-channel outputs. While data­
channel word transfer rates as high as 250,000 words 
per second are possible, we usually set the transfer 
rate (which is determined by a simple astable multi­
vibrator clock, Figure 8a) at about 100,000 words per 
secorid, both to give the computer a chance to compute 
and to permit cleaner line-segment generation. 

On the face of it, data-channel outputs involve only 
rlnfn ~/'fl,.rlQ (in AUI' (l!:H:!t:> n<;\{l"\z-",rl 15Lhit. Y V UTAl'"rl", Ant:> 
~'-NIV'-Af VVVI \Af'O;J' , ........... ....,\...4 ......... '"""'-' ....... l"''''''' ......... :a..''''''-4 ..L'-J ...., ........ ~ .... , ~ 'f'f "' .......... JoJ, .....,.L ......... 

corresponding to each display point). Since the data 
channel cannot transmit different display instructions, 
it would seem that we have lost the ability to change 
between the LINE and POINT display modes and to 
vary display intensities. If one had more than 18 bits, 
say with a 24-bit computer, one could use extra data 
bits as control bits, but this is not possible with the 
18-bit PDP-9 and similar small processors. A special 
trick, however, permits the use of data-channel produced 
data words for control purposes. We recall that, with the 
2's-complement code generally employed with DACs, 
the largest positive 9-bit excursion is 011111111, corre­
sponding to + 9.98 volts, while the largest negative 
excursion is 100000000 or - 10 volts. This maximum 
negative excursion, thus, has no positive counterpart 
and is, in a sense, redundant. We will, then, employ the 
last 9 bits of an 18-bit data word of the form 100000000-
sssssssss (Y = - 10 volts) to set our 9S-bit register bits, 
rather than for positioning the CRT beam. Referring to 
Figure 8b, a simple recognition gate detects the fact 
that the first 9 bits are 10000000(1 and gates the remain­
ing bits into the S-register to control the beam intensity 
and the POINT or LINE mode of subsequent display 
points. 

A second mode of data-channel operation employs 
the X-buffer/counter to plot anyone-dimensional array 
automatically against its index, without 'Word packing. 

Operation with external oscilloscopes 

To permit the use of our display interface with exter­
nal cathode-ray oscilloscopes and recorders, the X and 
Y deflection voltages, an intensity-control voltage, and 
one of the S-register bits are brought out to front-panel 
terminals (Figure 2a). In particular, the display can 
thus operate with a standard five-inch oscilloscope 
equipped with a Polaroid Land camera to produce 
quick hard copy. For class demonstrations and visiting 
admirals, the display also operates with a large 24-inch 
display oscilloscope at reduced plotting rates. Depend­
ing on the external oscilloscope used, the beam-inten­
sifying signal can be amplified and/or inverted. 
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Operation with xy recorders 

To obtain hard copy directly at low cost, one can 
simply apply the X and Y deflection voltages to an 
xy recorder (servo table) at a suitably low word rate. For 
more flexible recorder operation, however, we added 
two additional digital-to-analog-converter channels 
(U-and V -DACs and registers, Figure 6) . 

For servo-table recording, one of the S-register bits 
is brought out to control the recorder pen-lift solenoid, 
with the pen DOWN whenever the display instructions 
call for the LINE mode (Figure 230). The instruction 
DUVL produces lOT 2A (Figure 730) to feed the 9-bit 
U and V registers with "packed 18-bit words for xy 
recorder operation. Since the relatively slow servo 
recorder cannot plot more than 5 points per second, the 
instructions must be tied to a suitably slow real-time-

. clock interrupt routine; slow data-channel operation 
in the manner of Figure 8 is also possible. For the same 
reason, the 160 pF delay capacitors shown with the X and 
Y DACs in Figure 230 are replaced with 5 JLF plug-in 
capacitors in the U and V channels, so that line seg­
ments are drawn with a time constant of 0.1 sec. 

Figure 10 shows a permanent record prepared with 
the new display unit. 

Operation with stripchart recorders 

For simultaneous ploUing of up to four time-history 
records on a multichannel strip-chart recorder, the X; 
Y channels * and the U, V channels are alternately fed 
packed 18-bit words at a clock-controlled combined 
maximum rate of 200 words/second. Such multiple 
time records are especially valuable for recording 
variables in digital simulation of dynamical systems. 

Discussion and follow-on program 

Figures 9 and 10 show examples of display operation. 
As noted earlier, our display was originally intended 
mainly to produce solution curves and phase-plane 
diagrams for on-line simulation of dynamical systems. 
As it turned out: the display is very useful for produc­
ing much more general pictures (Figure 9), so that we 
are planning the addition of a light pen and protractor 
dial, plus SKETCHP AD-type software6 for computer­
aided drawing operations with the PDP-9. 

The most useful feature of our simple display is the 
possibility of refreshing the display with packed 18-bit 
words from the standard automatic data channel of the 
18-bit PDP-9. Since these 18-bit words fully utilize 

* The small capacitors in the X and Y channels (Figure 2a) have 
essentially no effect at the 50 to 200 Hz word rates used for strip­
chart recording. 

Figure 9-Cathode-ray-tube displays using the PDP-Y data 
channel at 125,000 points/second: POINT mode (a), --LI~E 

mode (b), and mixed POI~T and LI~E mode (c) 

Figure lO-Hard copy produced on a Moseley xy recorder 
(servo table) in the LINE mode 
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their PDP-9 registers, we can afford to eliminate the 
hardware and programming complication of a display­
refreshing core or delay-line buffer. With processor and 
display sharing a common memory, our automatic 
data channel can do much more than refresh a single 
display. The channel can also transmit and mix several 
displays or parts of displays (curves, figures, characters), 
each corresponding to a memory block with a program­
selected starting address and block length. 3 Indeed, a 
block or blocks can be displayed with the automatic 
data channel while the processor modifies another 
portion of the display. 

The Dertouzos line-segment-generating technique, 
as modified by our intensity-compensating circuit, was 
thought to be especially suitable for curve interpola­
tion and stroke-implemented characters. In our actual 
operating experience, though, most users have employed 
the LINE mode mainly for servorecorder plots; they 
seem to prefer the simpler programming possible when 
using only the POINT mode for CRT display. If 
we need not alternate LINE and POINT modes it is, 
for instance, simpler to obtain "incremental" display 
operation, with successive packed words 

(HI X, HI Y) = (k X + kAX, ky + kaY) 

2's-complement-accumulated in the PDP-9 accumu­
lator before transmission to the display or to a data­
channel block. 

In view of the popularity of small I6-bit digital 
computers, we have also tried the display with our 
9-bit DACs restricted to 8-bit operation. A display 
thus obtained with packed I6-bit words has, of course, 
less resolution than the I8-bit display, but still appears 
to be acceptable for many purposes. This opens the 
interesting possibility of combining our display system 
permanently with a small I6-bit processor as a moder­
ately sophisticated stand -alone display unit 

The provision of the X-buffer/counter in our display 
permits display ope:ration with separate X and Y data 

transfers. This is mandatory with 12-bit computers 
(like the popular PDP-8 series), and even speeds up 
some PDP-9' programs, since no word-packing is 
needed (see Appendix A for explicit programmed-data­
transfer routines). It is only fair to state, though, that 
all our users to date have preferred packed-word 
operation with the PDP-9, so that we could have 
omitted the entire X-buffer logic (including our extra 
device selector). 
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APPENDIX A: BASIC PDP-9 DISPLAY ROUTINES 

LAC X 
DXB 
LAC Y 
DYST 

LACY 
DYSI 

/load accumulator with X 
/load X -buffer with X 
/load accumulator with Y 
/transfer X-buffer and Y, and display 

/load accumulator with Y 
/increment X-buffer, transfer 
IX-buffer and Y, and display 

2 ~sec 
4 ~sec 
2 ~sec 
4 ~sec 

12 ~sec 

- 2 ~sec 
- 4 ~sec 

() ",sec 
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LAW 170008 /load accumulator with mask 1 J.lSec 
AND Y /mask last 9 bits of Y out 2,usec 
DAC TElVIP / and sa. ve result. 2 ~sec 
T A~ v /load acclli'1lulator with X 2 #Lsec .1..Ul..V ~ 

CLL / clear the link * 1 #Lsec 
LRS 9 / shift 9 places * 6 #LSeC 
ADD TE:NIP / combine with Y 2 #Lsec 
DXYS /transfer X, Y, and display 4 #Lsec 

----
20 #Lsec 

LAC XY / deposit X, Y in accumulator 2 p,sec 
DXYS /transfer X, Y, and display 4 #Lsec 

6 ~sec 

* not needed if X was scaled previously 



Stability contours for the analysis of 
analogi digital hybrid simulation loops 

by R.VICHNEVETSKY 

Electronic Associates, Inc. 
Princeton, New Jersey 

INTRODUCTION 

The use of hybrid computers for the simulation of 
dynamic systems has focused interest on the ill-effects 
of sampling and digital execution time upon solution 
accuracy. Techniques have been proposed for the com­
pensation of these effects by various authors.l,a ,7 How­
ever, there has been a noted lack of common denomina­
tor available to compare the relative merits of these 
methods of compensation. As a rule, one may observe 
that quality criteria used to evaluate different compen­
sation methods have been local rather than global, 
and the resulting compensation algorithms are there­
fore largely tuned to whatever quality criteria has been 
selected a priori. 

As an example, a recent paper by Mitche1l6 shows 
that compensation techniques that provide an improve­
ment for slightly damped or undamped systems are 
indeed detrimental when applied to the simulation of 
highly damped systems. But, at just about the same 
time, a paper by Deiters and N omural evaluates the 
quality of compensation methods on the only merits 
of their performance in the simulation of completely 
undamped systems (the circle test). 

The preceding remarks indicate that more meaning­
ful criteria should be developed to describe the quality 
of the compensation over the whole complex plane of 
natural modes of the system being simulated. Such a 
criterion is, at least partly, provided by the Stability 
Contours method which is developed in the sequel of 
this paper. In essence, this method provides regions 
in the complex plane where the roots or normal modes 
of the simulated system must lie to ensure stability of 
the simulation. 

An interesting conclusion is reached by consideration 
of these stability contours; namely, that compensation 
methods based on Taylor Series extrapolation fonnulae 
improve stability for the simulation of undamped or 

slightly damped systems, but decrease stability for 
systems which are heavily damped (i.e., have roots 
which lie closer to the real negative axis than to the 
imaginary axis). 

Reference has been made by previous authors to 
problems encountered in the simulation of helicopters 
and STOL aircraft.6 In that instance, one is faced with 
a system which is very lightly damped in one regime 
(during hover or low speed) and becomes heavily damped 
in another regi;me (when speed induced aerodynamic 
forces come into play). From the standpoint of a global 
analysis such as that provided by the stability contours 
method developed in this paper, it would seem that 
none of the compensation methods suggested by pre­
vious authors are adequate for the whole range of 
behavior of the aircraft (unless, of course, the sampling 
rate is kept high enough to satisfy worst-case stability 
conditions of the simulation). To the contrary, it seems 
appropriate to utilize" adaptive .. compensation schemes 
that will correct by extrapolation when the simu­
lated system is lightly damped, and return to non­
extrapolation (or some other algorithm) during flight 
regimes inducing heavily damped modes of behavior. 

A model of hybrid loops 

A typical situation encountered in simulation is 
that in which the differential equations of a dynamic 
system are integrated on the analog section of a hybrid 
computer, and part of the non-linear operations in­
volved in the implementation of the right-hand side of 
these equations is implemented in the digital section 
of that computer. In particular, this situation is found 
in the simulation of aircraft where the non-linear aero­
dynamic forces and moments are computed digitally, 
and the corresponding integration of the equations of 
motion is implemented on the analog (see Reference 10). 

The sampling and digital delay occurring in the hy-

------------------------------------------- 859~-------------------~------------------
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Figure I-A simplified model of a hybrid simulation loop 

brid loop are conducive to instability in the simulation. 
Although simplified, a model which pennits a detailed 
analysis of this phenomenon is that represented in 
Figure l. 

This configuration corresponds to the simulation of 
a system whose set of differential equations is: 

or, in simple matrix notations: 

dx 
dt = ax (2.1) 

This set of equations may either describe the whole 
problem at hand, or describe the behavior of error 
propagations in a more general, non-linear hybrid 
problem. 

In the latter case, a is the jacobian matrix of the 
problem and is in general time dependent.9 However, 
stability of the hybrid loop may be analyzed assuming 
that a is a constant matrix. This restricts fonnally 
the validity of the analysis to the cases where the 
sampling period at is short in comparison to the rate 
of variation of the coefficients of a. In particular, sim­
ulation of VTOL, STOL and variable geometry aircraft 

where regime or geometry change relatively slowly is 
well accounted for by the model of Figure 1. 

Stability (the uncompensated case) 

In an idealized implementation of the hybrid simula­
tion of the system described by equations (2.1), we 
assume that all algebraic computations are perlonned 
on the digital computer, while all integrations with 
respect to time are taking place on the analog. 

We also a§sume that a constant sampling rate at is 
used, and that all analog-to-digital, and digital-to­
analog, conversion operations are sL.llultaneous at 
sampling time (which corresponds to the use of sample/ 
hold integrators in the A/D direction, and double­
regiS+ueI'S in the D/A direction). We denote by Xi t.he 
value of the vector of variables x(t) at time t = t i = 
iat. 

Using zero-order hold, the output of the digital-to­
analog converters are step-1ike functions. These func­
tions remain constant over one sampling period, and 
can be expressed by (in the uncompensated case): 

where x i-k is the value of x at time t i-e. 

Thus, kL\t is the explicit value of the total sampling 
and digital execution time. 

In view of the previous assumptions, k shall always 
be an integer, and will often be equal to unity. 

During the time interval (t i , ti+l) , the output of the n 
integrators of the analog computer are linear, and the 
following expression can be derived: 

(3.2) 

The solution x i thus satisfies the finite differences 
equation: 

(3.3) 

We apply the z-transformation to equation (3.3) and 
obtain (I is the unity matrix.) : 

(z - I - ataz-k) Xi = 0 (3.4) 

(We use the same notation for Xi and its z-transform; 
the operator z in expression (3.4) is to 'be interpreted as 
that which results in the relation: zi Xi = X'+i) 

Normal solutions Uj of (3.4) are those which satisfy 
t.he equations: 

(3.5) 



U~+l = Z· U~ 
J 1 J (3.6) 

Zj is now a constant scalar, whereas Z in (3.4) is a 
formal operator whose explicit expression need not be 
defined. 

Substitution of (3.6) into (3.5) yields: 

(Zj I - I - at·a·zr") ul = 0 (3.7) 

Thus Zj must satisfy the characteristic equation: 

The values of Zj which are solution of (3.8) and the 
corresponding Ul, correspond to normal. modes of be­
havior of the simulation. It is well known that, since 
(3.3) is linear, any Xi can be expanded into a sum of 
normal. modes u}, and that stability of Xi requires that 
each of these modes be stable. 

Thus, the condition of stability of the simulation is 
that all the normal modes Uj be stable, which in view 
of (3.6), is satisfied if all Zj satisfy the relation 

1
U;+11 
u~ = IzA < 1 (3.9) 

FOIDl ally , (3.9) ensures tha~ 

ti}+l = Zj u} (3.10)-

constitutes a contraction mapping,4 ensuring conver­
gence of (3.5). 

Relation to the simulated system's roots 

We observe that (3.8) is an algebraic equation of 
order n(k + 1) in z, and finding all the roots may be 
a complex task. But the search for the characteristic 
values Zj can be considerably simplified if a change of 
coordinates is made so as to diagonalize the matrix 8., 

which corresponds to reducing the original system (2.1) 
to its normal modes. This is obtained by applying a 
linear transformation: 

y = vx (4.1) 

to equation (3.4), where the lines of v are the eigen­
vectors of aE; i.e., 

aT v
g 

= Ag v
g I 

det(aT - AgI) = det(a - AgI) = 0 
g = 1,2, ·····n 
VT = (VI v2 • •• vg • • • vn ) 

(4.2) 

Stability Contours Oro .. 
001 

The matrix v has the property to diagonalize a, i.e., 

o 

vav-1 = A = (4.3) 

I 
10 

( . )'r stands for the transpose of (.) 

Writing 

v(Z - I - Llt az-k) V-I yi = 0 (4.4) 

yields 

(Z - I - atAz-k ) yi = 0 (4.5) 

Since A is a diagonal matrix, it follows that (4 .. 1) can 
be rewritten, line by line, as n independent equations: 

(Zg - 1 - Llt Ag Zg-k) yg = 0 ) 

g = 1,2, ....... n I (4.6) 

The significant difference between (3.4) and (4.6) is 
that the latter is a scalar equation, whereas (3.4) is an 
n -dimensional equation. 

We now look for the normal modes of (4.6), for each 
Ag independently, which is a considerably easier task 
than the original solution of (3.8). 

Normal solution of equation (4.6) will be of the fonn: 

(4.7) 

where z; is one of the (k + 1) solutions of the char­
acteristic equation: 

(4.8) 

Stability of the hybrid simulation is expressed by the 
condition that all z~ corresponding to the (k + 1) 
solutions of (4.8) for each of the n values of Ag , be in 
absolute value smaller than unity. 

The multiplication of roots 

Since equation (4.8) is of the order (k + 1), and has 



862 Spring Joint Computer Conference, 1969 

(k + 1) roots, the total number of nonnal modes of 
the hybrid simulation is n· (k + 1). Of these, of course, 
only n are meant .to represent the original system; 
the n· k additional modes are spurious, and their relative 
a...--nplitude should remain SIP..ail relative to the original 
modes to ensure a realistic simulation. 

Stability, however, requires that all modes, original 
or spurious, satisfy the stability criterion: 

\z;\ < 1 (5.1) 

We assume here, ot course, that the simulated 
system is itself stable; i.e., that 

g = 1,2, ..... n 

In the next section, we express condition (5.1) graphi­
cally by the definition of stability contours in the 
Ag complex plane, or plane of the characteristic roots 
of the simulated system. 

Stability contours 

In the z complex plane, the condition of stability 
is that all z~ He inside' of the unit circle. 

If we transpose this condition into the A plane, the 
resulting domain win be that corresponding to systems 
whose hybrid simulation will be stable. The complex 
transfonnation from Z plane to the A plane can be 
obtained directly from (4.8), which can be rewritten: 

(6.1) 

A normalization to Ag • At furthermore provides a 
dimensionless representation. 

We call Stability Contour the line, in the Ag ' At plane, 
which surrounds the domain in which the stability 
condition (5.1) is satisfied. Along this line, we have: 

I zl = 1 or z = e illl ; (j = v=--i ) 
} (6.2) 

IIIE( - 00, 00) 

Thus, the equation of the stability contour, obtained 
by the substitution of (6.2) into (6.1) is: 

A·At = (e illl - 1) e iklll (6.3) 

(For simplicity, we use A here to denote any of the 
roots Ag), 

For instance, for k 
equation reduces to: 

o (no computing delay), this 

(6.4) 

which is the equation of a circle of unit radius and 
center (-1,0) (Figure 2). 

For values of k different from zero, the curve ex­
pressed by equation (6.4) presents (k + 1) loops: only 
that region which is in the inside of all (k + 1) loops 
corresponds to the stability region. These stability 
contours, for k = 0, 1, 2,3 and 4, are shown in Figure 3. 
For each value of k, the stability domain is that inside 
of each of the stability contours shown. 

It is to be noticed that the stability domain is, as one 
might expect, decreasing in size for increasing computing 
delay kAt. 

One may also observe that the crossing point of the 
stability contour lines with the real negative axis is at 
distances proportional to 1/ (k + 1) from the origin. 

We now proceed to evaluate some compensation 
methods by means of an analysis of their effect upon 

Im~ 

Figure 2-8tability Contours for the uncompensated case with 
no computing delay: The simulation will be stable only if all 

roots >. of the simulated system lie within the circle of 
center (- 1/ At, 0) and radius 1/ At. (Or, all 

normalized roots (>., At) of the simulated 
system must lie within the circle of center 

(-1, 0) and unit radius.) 
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Figure 3-Stability Contours for the uncompensated case-for 
various computing delays ~t 

stability contours. The compensation methods which 
we shall analyze are: 

1. Compensation by first order digital prediction; 
2. Compensation by second order digital prediction; 
3 .. The method of analog compensation. 

Compensation by first order digital compensation 

The effect of the sampling and digital delay can be 
alleviated by using digital prediction based on the 
present and past values of the computed digital 
computer output Wi. First order prediction is obtained 
when one past value of w is used in addition to the 
present value Wi. This allows a linear prediction form to 
be used. In essence, extrapolating w by 6Llt is given by: 

= (1 + 6) Wi - 6w i - 1 (7.1) 

Bearing in mind that w' = axi-k, this expression 
becomes: 

w·+9 = (1 + 6) ax i- k - 6ax i-k-l (7.2) 

W H9 is substituted for Wi as the output of the digital 
computer. Thus, the equation for the computer solution 
corresponding to the uncompensated case (3.2) is, for 
this method of compensation: 

Xi+l - Xi = Llt wi+9 

= Llt.a·[(1 + 6)X i - k - 6x i-k-l] (7.3) 

or, using the z-operator: 

{z - I - Llt·a[(1 + 6)Z-k - 6Z-k-lJ} Xi = 0 (7.4) 
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The characteristic equation (4.8) becomes now: 

(z - 1) - LltA [(1 + 6)Z-k - 6Z-k- 1] = 0 (7.5) 

The equation defining the stability contour in the 
A'Llt plane is: 

ALlt = (z - l)zk 
(1 + 6) - 6z-1 

Izl = 1 (or z = eiCrJ) 

1 
J 

(7.6) 

Stability contours for k = 1; 6 = 0, .5, 1, 1 .. 5 and 2 
are shown Figure 4. 

These contours show clearly that while prediction is 
somewhat improving the correspondence between the 
stability contour and the axis Re(ALlt) = 0, the domain 
of stability along the real negative axis decreases in 
some inverse proportion of 6. For the uncompensated 
case, the stability limit is at Re(ALlt) = -1 or one 
sample per time constant. For the optimum prediction 
time (6 = 1.5), this stability limit is reduced to 
Re(ALlt) = - .483, or 2.07 samples per time constant. 

In the imaginary direction, however, the maximum 
value of Im(ALlt) on the contour is seen to remain close 
to .37, in the uncompensated as well as the optimal 
compensated case (6 = 1.5)1 which corresponds to 17 
samples per pseudo-cycle, although undamped systems 
(Re(ALlt) = 0) always yield unstable hybrid simula­
tions. It will be seen in the next section that second 
order prediction yields stable hybrid simulations of 
undamped systems. 

Note, however, that a similar effect might be obtained 

Figure 4-The effect of first order digital compensation upon 
Stability Contours for k = 1. (The optimum compensation; 
in the Taylor Series sense, is provided for 0 = k + 1/2 = 1.5) 
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by first order-over prediction. For instance, k = 1, 
8 = 2 yields, in first order extrapolation, to stable 
solutions along the imaginary axis up to 22 samples per 
cycle (lower sampling rates are unstable.) 

Compensation by second order digital prediction 

Compensation by second order prediction is obtained 
when two past values of ware used to predict w i+9 : 

The coefficients bo, bi and b2 are obtained by express­
ing wet) as a second order polYnomial passing exactly 
through the three points (t i , Wi); (t i - I, Wi-I); (t i - 2, W i - 2) 

or 

This yields: 

bo = 1 + 1.58 + .582 

bi = - 28 - 82 

b, = .5 (8 + fP) 

W i+9 = (1 + 1.j58 + .582)·a·x i - k 

\ 
j 

(8.2) 

- (28 + 82) ·a·xi-k-I + .5(8 + 82) ax i - k-? (8.3) 

Substituting this expression in replacement of w \ in 
(3.2), yields 

X HI - Xi = At'a [(1 + 1.58 + .582)X i- k 

- (28 + fP) X i- k- 1 + .5 (8 + fP) X i- k-2] (8.4) 

which, upon making use of the z-operator and the 
diagonalization of a, yields the equation for the stability 
contour: 

XAt= 

(z - 1) Zk I 
(1 + 1.58 + .582) - (28 + 82)z-1 + .5(8 + 82)z-2 . 

z = e illl 

(8.5) 

Results are shown in Figure 5, for k = 1,8= 0, .5, 1, 
1.5 and 2. 

For ,the optimum value of 8, i.e., 8 = 1.5, the crossing 
point of the stability contour with the real negative 
axis occurs at AAt = - .22, i.e., at 4.5 samples per time 
constant. 

On the other hand, the stability contour for second 
order extrapolation and 8 = 1.5 now crosses the 

Figure 5-The effect of second order digital compensation upon 
Stability Contours for k = 1. (The optimum compensation, 

in the Taylor Series sense, is provided for (1 = k + 1/2 = 1.5) 

5 

k::2 

Re( A·C.t) -·5 o 

Figure 6-The effect of second order digital compenastion upon 
Stability Contours for k = 2. The optimum compensation, 
in the Taylor Series sense, is provided for (1 = k + 1/2 = 2.5) 

w(t) 

x(t) 

Figure 7 -The method of analog compensation of Miura 
and Iwata 



imaginary axis. This occurs for a sampling rate of about 
17 samples per cycle. 

Figure 6 shows stability contours for second order 
extrapolation for k = 2, 0 = 0, .5, 1, 1.5, 2, 2.5 (the 
ideal extrapolation) and 3. 

A nalog compensation 

A method of analog compensation proposed by 
l\1iura and Iwata7 consists in adding to the output of 
each integrator O·Llt times its input (Figure 7). This 
method and variations thereof were also suggested and 
analyzed by Karplus. 3 

It can easily be shown that the step equation 
corresponding to the application of this method is: 

or, for the stability contour: 

For 

we obtain: 

(z - 1) Zk 

XLlt = Oz + (1 - 0) 

z = eiCll 

O=k+~, 

) 

(z - 1) Zk 

XLlt = (k + ~) z - (k - %) 
(z - 1) Zk-l 

(9.2) 

(k + %) - (k - %)Z-l (9.3) 

By comparison with (7.6), we observe that this 
method of analog compensation results in identical 
stability contours (and indeed, overall behavior) as those 
corresponding to cases where k is reduced by 1, and first 
order ideal (0 = k + %) digital extrapolation is 
applied. 

As a means of comparison among the three methods 
of compensation analyzed, stability contours corre­
sponding to k = 1 and k = 2 are superimposed in 
Figure 8 and Figure 9, respectively. 

CONCLUSIONS 

The method of Stability Contours developed in this 
paper offers a means for analyzing "in the large" the 
effect of sampling and delay in hybrid loops, as well as a 
meaningful tool to compare the merits of different 
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Re(.~·At) 

-1· -·5 o 

Figure 8-A comparison of different methods of compensation 
for a computing delay of one samPling period (k = 1) and 

optimal extrapolation (in the Taylor Series sense) 0 = 1.5 

·5 

k=2 

-·5 -·25 o 

Figure 9-A comparison of different methods of compensation 
for a computing delay of two sampling periods (k = 2) and 

optimal extrapolation (in the Taylor Series sense) 0 = 2.5 

methods of digital and analog compensation. It has 
been applied here to analyze stability properties of 
compensation methods proposed by previous authors, 
namely first order digital prediction, second order digital 
prediction and analog prediction (as well as the un­
compensated case). 

A general conclusion that appears from such an 
analysis is that compensation methods based on Taylor 
Series type of extrapolation algorithms improve· the 
stability properties in the simulation of undamped or 
slightly damped systems, but are detrimental to 
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stability properties in the simulation of heavily damped 
systems. This would suggest that, in the simulation of 
time-varying systems, such as STOL, VTOL and 
variable geometry airplanes, best results may be 
obtained by the use of adaptive compensation methods, 
where the degree of time extrapolation is made inversely 
proportional to the degree of damping of the simulated 
system. 
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