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Abstract

AN EXPERIMENTAL SIMULTANEOUS 
MULTIPROCESSOR ORGANIZATION 

by
Gerald S. Mersten 

Adviser: Professor Se Jeung Oh

A Simultaneous Multiprocessor Organization, abbreviated 
SAMSON, is proposed for surmounting the fundamental com­
putational limitations of real time uniprocessor archi­
tectures. To maximize the degree to which the SAMSON 
multiprocessor exploits parallel processing, each SAMSON 
processor is itself capable of concurrent fetch, decode 
and execute operations. The proposed SAMSON architecture 
is a data-driven data flow processing system developed 
for the real time parallel processing of web structures. 
These webs are directed graphs for the parallel processing 
of computational expressions. The web structure is a gen­
eralization of the tree structure having reduced height 
(execution time) and minimal width (number of processors).

This work deals with the structure of the required multi­
processor interconnection mechanism required for communi­
cation with the external environment (Input/Output Sub­
system) as well as the basic architecture of the SAMSON 
network.

In addition, the fault tolerant characteristics of both 
the SAMSON PE and the SAMSON system (configured as a fault 
tolerant system) are studied and achievable error detec­
tion through self-test software is evaluated.
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1.0 INTRODUCTION
The broad intuitive concepts of simultaneous, concurrent, 
parallel operations has of late, inspired computer archi­
tects to develop systems with multiple processors in the 
hope of increasing the computational power of the compu­
ter. Intuitively, one can associate any of the follow­
ing notions with these terms:

1 . several devices working together in some manner on 
the same task,

2 . several devices working together on different but 
related tasks,

3. several devices working at the same time, performing 
the same task but each with different data, and

4. one device performing more than one task at a time.

These different notions are, in part, responsible for 
the wide diversity possible within the area of concur­
rent processing. In a widely referenced paper, Flynn 
[l-ll has classified comp-’.ter systems into four major 
categories:
• SISD, Single-Instruction Single Data Stream*: These

are the conventional uniprocessor machines;
• SIMD, Single-Instruction Multiple Data Stream: Here

a single-control unit broadcasts the single instruc­
tion to be executed by all active (participating) 
processing elements;

• MISD, Multiple-Instruction Single Data Stream: Here
each processing element executes its unique instruc­
tion, independent of one another, on a single data 
stream;

*Stream as used here refers to the sequence of data or instruc­
tions as seen by the machine during the execution of a program.

1



• MIMD, Multiple-Instruction Multiple Data Stream:
Here multiple independent instruction streams are 
executed by the multiple processing elements of the 
system, each on an independent data stream.

Some authors Q.2] have categorized array processors, 
pipeline processors and associative processors as MISD 
machines; however, this apparently was not Flynn's in­
tention and these machines are not so categorized here.
The well known computer architect Jean-Loup Baer [1.3] 
categorizes such architures as MIMD machines; it is this 
categorization, of such machines, which is used here.

On the classification of machine architectures as MISD 
processors Jean-Loup Baer has written [l.3j "To our 
knowledge, there exists no system which can be labeled 
uniquely this way". However, it is the purpose of this 
research to develop such an architecture.

1.1 STATEMENT OF PROBLEM
The major problem addressed by this research work is 
the development of a Multiple-Instruction Single Data 
(MISD) Stream multiprocessor* system for the purpose 
of surmounting the fundamental computational limitations 
associated with real time uniprocessor machines. Through­
out this work, efficient utilization of the multiprocessor 
resources is considered a major goal. However, hardware 
utilization is considered secondary; the major goal in 
this research effort is the development of a high speed 
MISD multiprocessor.

♦The ANSI Vocabulary of Information Processing defines a multipro­
cessor, broadly, as a system composed of two (or more) processing 
units under integrated control. A more restrictive attitude is to 
define multiprocessing as the simultaneous processing of two (or 
more) portions of the same program by two (or more) processing units.
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The major problems in the efficient utilization of multi­
processors reside in the difficulty associated with the 
implementation of an integrated control mechanism within 
the operating system. For example, hardware architecture, 
software task splitting, and both hardware and software 
scheduling are areas where the presence of more than one 
processor element increases the supervisory complexity.
In this research, primary emphasis is placed on hardware 
architecture (and hardware scheduling); however, the 
software operating system is briefly touched upon, where 
required.

In conventional multiprocessors, consisting of multiple 
processing units and multiple memory units, the inter­
connection mechanism is critical to the basic performance 
of the multiprocessor itself. In the MISD system developed 
here, the major impact of an interconnection mechanism 
is in the area of external input/output (I/O) communica­
tions and not within the MISD itself. Studying the con­
ventional multiprocessor interconnection problem covers 
the MISD I/O interconnection problem; however, studying 
the latter does not necessarily include the former.
Hence in Section 4 of this work, general interconnections 
for conventional multiprocessors have been studied.

Finally, in any network consisting of multiple processors 
the question of fault tolerance exists. Here we have ad­
dressed the problem of achievable error coverage within 
an individual processing element (Section 5) as well as 
the fault tolerant characteristics of a modified MISD 
multiprocessor (Section 6 ). The modified MISD could be
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called an MTSD, Multiple-Task Single Data Stream multi­
processor.

1.2 SUMMARY OF RESULTS
The architecture of Simultaneous Multiprocessor Organiza­
tion, abbreviated SAMSON, was developed (including work­
ing PE prototypes and a PE brassboard) capable of execut­
ing web computational graphs. The basic web structure 
developed, as part of this research, provides improved 
parallel processing results.

Web structures for the computation of: the summation of
n numbers, the product of n numbers, the powers of x and 
polynomials of degree n were developed which produced 
improved execution times. Figure 3.4-2 is a plot of 
the improved execution time obtained for both the summa­
tion and product of n numbers. Also, the maximum execu­
tion time required to compute all of the powers of n 
(X2 through Xn ) was found to be pLoggnl and required at 
most, only n-2 ̂ og2n-| or 2 P-og2n~l “2 processing ele­
ments, whichever is greater. For polynomials of degree 
n, execution times better than those obtained with the 
k-th order Horner's Rule, Estrin's Method, Tree Method or 
Folding Method were obtained. Furthermore, improved 
throughput performance of up to 635% were obtained (for 
sequential programs executing on the concurrent SAMSON 
architecture).

In addition, interconnection networks have been analyzed 
here utilizing the concept of the unit instruction. 
Specific conclusions regarding comparative throughput
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performance were obtained; the crossbar and time shared 
bus structures demonstrated the highest throughput per­
formance .

Furthermore, achievable error detection (through self­
test software) of 100% was obtained and verified for 
the Processor Element through actual hardware testing. 
Finally, a distributed fault tolerant network was pro­
posed having improved throughput, such as k-1 times that 
of the conventional redundant system (where k is the 
total number of tasks).
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2.0 SUMMARY OF PRIOR WORK
The history of data processing has been characterized by 
a constant struggle for ever faster machines. At any 
given point in time, hardware technology imposes limita­
tions on the maximum computational power obtainable with 
a single processor. Any attempts to circumvent these 
technological limitations must be accomplished through 
architecture improvements, such as the use of computational 
parallelism.

2.1 PRIOR MACHINE ARCHITECTURES
The CDC 6600 series and the IBM 360/90 series (SISD) ma­
chines achieve their computational power by overlapping 
the various sequential decision processes required in 
the execution of an instruction.

SIMD machines have been proposed by Unger [2 .1] , Slotnik 
and by Crane and Githens [2.3] to name but a few.

The SOLOMON machine 12.4] is the classical SIMD machine 
architure consisting of an array of 32 x 32 processing 
elements, each connected to its four nearest neighbors, 
under the global control of one central control unit.
These processing elements have limited processing power; 
the central control unit processes a single program with 
each participating processor executing the same instruc­
tion stream on its own data stream. Depending upon the 
internal state and mode of each of these processing 
elements, they either participate or do not participate 
during an instruction execution. The internal state 
of the processing element is a function of the data it

6



is processing while the mode of the processing element 
is determined by the control unit. The principle means 
of control for each processing element are the mode com­
mands. The major disadvantage of this machine organiza­
tion and of global control structures in general, is its 
low efficiency when applied to typical general-purpose 
computations [2 .5]. These computations require sequen­
tial execution; consequently, the central control unit 
utilizes only one (or relatively few) processing elements 
while all others stand idle. The SOLOMON machine has 
been superceded by the now famous ILLIAC IV.

The ILLIAC IV system [2.6], [2.7] alleviates the problem 
of the SOLOMON machine to some degree by: replacing the
single global control unit with four such units, by pro­
viding I/O access to each processing element, and increas­
ing the power of the processing elements. Each of the 
four global control units directly governs the operation 
of an 8 x 8 array of processing units. These global 
control units may function independently (64 processors 
per array) or in groups of two, three, or four arrays. 
These processing elements are all but devoid of local 
control; mode status and data dependent conditions being 
the only exceptions.

In such SIMD machines, the major problems revolve around 
finding algorithms suitable to the architecture of the 
machine C2 .8J. In such a system (consisting of n pro­
cessors), the performance would be at most loggH rather 
than n-times the performance of a single processing

7



element. Furthermore, if a computation is started with 
n processing elements, at the first conditional 
branch statement several of the processors will have data 
requiring one branch path, while others will have data 
requiring another path. The master control unit, however, 
can only command one of these two instruction streams.
If branching continues we have an exponential type loss 
of computational resources. (Thus we have only logarith­
mic improvement in performance rather than the hoped for 
linear improvement with this class of multiprocessor).

The HOLLAND machine [2.9] is a distributed control ma­
chine consisting of an array of modules, each of which 
possesses some measure of local control and a limited 
capability for independent instruction execution.
Within this structure the capability exists (to a lim­
ited extent) to execute independent programs simultan­
eously. HOLLAND proposed the organization to provide a 
basis for theoretical investigations, not as a practical 
device. Each module contains a storage register, oper­
and registers and communication paths to its four near­
est neighbors. An instruction stream is stored, one in­
struction per module with indicators to denote the prede­
cessor and successor modules (one of the four neighbors). 
The instructions are executed in time sequence following 
the above predetermined path. The address of the operand 
is also stored in the module. The storage register can 
be loaded from an external source during the first ma­
chine cycle. During the second cycle the active module 
determines the operand location and establishes communi­
cations between the operand and the accumulation module.
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In the final phase the instruction is executed. The 
proposed attribute of local control structures is the 
high degree of hardware utilization that can be achieved 
when many (small) computations are being executed con­
currently; however, the HOLLAND machine architecture has 
fallen far short of its goal. The main problem associated 
with the local control organization of the HOLLAND ma­
chine is the spacial structure, of both the array and of 
the neighborhood communications, which results in seri­
ous path building problems.

The CDC STAR-100 and the TI Advance Scientific Computer 
(ASC) are based on a general pipeline approach. The 
instruction sets of these machines are heavily oriented 
towards vector operations. In both systems, several 
pipeline units can function in parallel. The ASC system 
has all identical units; hence all of these units are 
not mandatory. In the STAR-100 each unit performs a 
specific function, hence all of these units are required. 
These machines are here classified as MIMD processors.

The C.mmp (Carnegie Mellon multi-mini-processor) [2.10J, 
[2 .1^  consists of 16 processors and 16 memory units.
The C.mmp is not a geographically distributed network.
In this MIMD multiprocessor configuration the processors 
are connected to the shared (main) memory units through 
a switching (interconnection) network. In this system 
one processor can interrupt another processor through 
an interrupt bus. This type network is generally re­
ferred to as a conventional (MIMD) multiprocessor.
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The major drawbacks with such conventional multiprocessor 
architectures are path finding problems (interconnection 
of appropriate processors and memories) and the associated 
contention problems.

2.2 RELATED WORK
Recently, the concept of data flow processing has appeared 
in the literature [2.12] - Qj.16]. In this type proces­
sor, instruction execution depends on the availability 
of the required operands. Because the execution of each 
instruction is independent, the data flow notation is 
convenient for expressing concurrency. Only in the past 
year have descriptions of machines of this type started 
to appear in the literature H-l'O, &.18|]. The SAMSON 
multiprocessor system developed here is a data-driven 
data flow processor.

Multiprocessor interconnection networks have been des­
cribed in the literature [2.19] with regard to hardware 
utilization, cost, etc. However, little has been for­
mally done in the way of evaluating the effect of these 
networks on the overall system throughput, with the ex­
ception of the work by Danielsson and Gudmundsson [2.2C[].

The importance of error detectability of self-test soft­
ware is due to the prevalent use of computers as an 
integral component in many real time control systems.
In addition to these systems having to perform their 
desired control functions, it is necessary that they 
possess a high degree of self diagnostic capability and 
fail operability while possessing reconfigurability
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characteristics. Numerous papers are appearing regularly 
in the literature since the first Fault-Tolerant Comput­
ing Conference in 1971.

Related work in the area of fault tolerance in real time 
computer networks has been underway at Stanford Research 
Institute (now SRI) since the early 1970s as part of 
their SIFT (Software Implemented Fault Tolerant) system 
development £2.23 •

11



3.0 PARALLEL PROCESSING
The concept of multiprocessing and that of parallel 
processing are both extremely broad in scope. It is 
the intent of the following sections to: first intro­
duce and develop this concept while placing some bounds 
on the notion of parallelism, then define the concept 
of parallelism within the confines of multiprocessing, 
then propose (introduce and develop) the concept of 
web structures and finally introduce the SAMSON 
multiprocessor capable of performing web computations. 
The web structure developed here transforms an 
arithmetic expression into a directed graph structure 
such that all operations at the same level can be 
performed in parallel while reducing both the number 
of levels within the structure (the execution time) 
as well as the number of processing elements required 
in the SAMSON multiprocessor.

3.1 INTUITIVE NOTIONS OF PARALLELISM
The concept of parallelism is very broad and includes 
a wide variety of notions. Intuitively these notions 
include: many devices working together in some way or 
other on the same task, devices working together on 
different but related tasks, as well as the notion of 
one device performing more than one task at a time.
This broad notion of parallelism is, in part, 
responsible for the wide diversity possible within the 
area of parallel processing; i.e., SISD, SIMD, MISD 
and MIMD stream processing.
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Now that these intuitive notions associated with the 
term parallelism have been briefly introduced we will 
formally define the concepts of parallelism by dividing 
it into two types [3.1], applied and natural parallelism.

DEFINITION 3.1: Applied parallelism is the
property that enables two or more identical 
operations within a set of computations to 
be processed concurrently on the same or 
distinct data bases.

DEFINITION 3.2: Natural parallelism is the
property that enables two or more operations 
within a set of computations to be processed 
concurrently and possibly independently on 
the same or distinct data bases.

From these definitions, it is clear that applied 
parallelism is just a special case of natural 
parallelism. However, the distinction is made because 
of the important impact it has on computer organizations. 
Applied parallelism is efficiently handled by global 
control techniques since it provides common control for 
identical operations. Natural parallelism is efficiently 
handled by local control techniques since it provides 
independent processing for different operations.
Figure 3.1-1 illustrates how the expression

A/X + B/X + CY = Z
is computed with and without the use of applied and 
natural parallelism.

13



FIGURE 3.1-1 Computation of the Expression A/X + E/X + CY*Z in (a) 
sequential steps, (b) utilizing applied parallelism, 
(c) utilizing natural parallelism, and (d) 
utilizing applied and natural parallelism.
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14



3.2 EXPLOITING PARALLELISM
With the present state of today's technology, such as 
the development of LSI circuitry and microprocessors, 
it has become technologically and economically 
feasible to introduce multiple processors into the 
computer system to obtain a multiprocessing system 
capable of performing parallel processing [3.2].

Now that the technology exists to economically configure 
a multiprocessor system capable of processing many 
operations concurrently, we are faced with the problems 
o f :

1. Exploiting parallelism so that computational 
resources are utilized efficiently, and,

2. Determining the parallel processing character­
istics required of the multiprocessor.

In the exploitation of parallelism we are concerned with 
reducing the number of levels of arithmetic (and/or 
logical) operations and at the same time reducing the 
number of arithmetic operators at the level with the 
largest number of arithmetic operators. Obviously, 
reducing the number of levels of arithmetic operations 
decreases the number of sequential operations required 
to process an arithmetic expression and thus decreases 
the execution time associated with processing that 
expression. Likewise, reducing the number of arithmetic 
operators at a specific level decreases the number of 
processing elements (PEs) required at that level. A 
reduction in the number of arithmetic operators at
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the level requiring the largest number of arithmetic 
operators reduces the total number of PEs required to 
process that arithmetic expression.

In this section, a web graph structure is introduced 
to facilitate obtaining improvements in the parallel 
computation of arithmetic and logical expressions.

In addition, the processing characteristics required 
of a multiprocessor system (to exploit the parallelism 
in an arithmetic expression), for the purposes of 
reducing both the execution time and the number of 
processing elements required, is discussed.

3.3 DETECTION OF PARALLELISM
Transforming an arithmetic expression into a tree 
representation is a well known process [3.3] - [3.8]. 
In this section, the web structure is introduced which 
is a generalization of the tree representation. The 
web structure is a representation of an arithmetic 
expression which displays the operations which can be 
performed concurrently. In developing the web 
structure, the primary interest was in obtaining a 
transformation that not only displays potential 
concurrency but also reduces both the execution time 
and the number of processing elements (PEs) required 
for the parallel processing of these arithmetic 
expressions.
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A multiprocessor system can be thought of [3.9] as 
being composed of two major resources which are used 
to perform computations, variable resources and 
transformational resources.

DEFINITION 3.3: Variable resources (denoted
v-resources) are utilized to preserve 
operand values and (temporary) results as 
well as instructions.

These v-resources are the source(s) (s-values) and 
destination(s) (d-values) of the transformational 
resources.

DEFINITION 3.4: The transformational resources
(denoted t-resources) consist of a set of 
transform operators (t-operators) which 
transform the s-value(s) obtained from the 
v-resources into d-value(s) and transfer these 
d-values to the v-resources.

Each t-operator consists of a total ordering of the 
elemental transformation operators utilized by that 
t-operator. The particular transformational procedure 
to be performed by the t-resources are specified by 
an instruction.

DEFINITION 3.5: An instruction (I) is a
specification of a t-resource and the v-resources, 
both the s-value(s) and the d-value(s), utilized 
by that t-resource.

In general, most arithmetic expressions are compound 
expressions requiring more than one instruction for
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their specification. Such compound expressions are 
specified by tasks.

DEFINITION 3.6: A task (T) is partial or
total ordering relation on a set of specified 
instructions.

3.3.1 Parallelism in Sequential Programs
Consider a task consisting of a set of N instructions
coded as a sequential program [3.10]; i.e., coded
serially for a conventional uniprocessor where
instructions are executed one at a time. Let the
instructions 1^ of this task be indexed by the
assignment integer i where 1 <. i <. N. Let the ordering
operator © b e  interpreted such that if ^  ©  I ̂ , then
the execution of I. precedes the execution of I..i J

In such a sequential program two types of program 
statements must be considered: (1) assignment statements 
(arithmetic and logical expressions) and (2) branch 
statements. Programs of this type are conveniently 
modeled by a directed program graph as shown in 
Figure 3.3-1. In the directed program graph, a node 
represents the i-th program statement (instruction) and an 
arc (i,j) in the graph indicates the program flow 
from node S. to node S.. Nodes representing assignment^ Jstatements and unconditional branch statements have 
only one outgoing arc while conditional branch 
statements have more than one outgoing arc. (The 
program flow from a conditional branch statement

18



FIGURE 3.3-1

AN EXAMPLE OF A 
DIRECTED PROGRAM GRAPH



proceeds along only one arc at any given instant of 
time.) The execution route of the sequential program 
is specified by a sequence of arcs; i.e., (1,2)(2,3) 
(3,6)(6,7)(7,4), etc. The execution order of two nodes 

and Sj is denoted by the ordering operator ©  
and is specified by the execution route.

The execution order of program statements is generally
unknown prior to execution of the program due to the
existence of conditional branch statements. However,
in a program segment containing only assignment
statements, the execution order S. ©  S . is determinedi w  j
solely by the assignment order; i.e., if and
only if i < j .

3.3.2 Theoretical Aspects of Parallelism
For a partially ordered relation, the following situation
may exist: I. ©  I . and I. ©  I. , but I . ©  I, and 

* JI. ©  I.. In this case more than one ordering* Jrelationship exists; i.e., 1^, Ij, 1^ or 1^, 1^, I^.
At this point, the following observation can be made:
(1) due to the ordering relations 1.^© Ij and ^ © I ^ ,
I . must be executed prior to either I . or I.,1 J K
and (2) since Ij and 1^ are not ordered with respect 
to one another, they can be executed in any order or 
concurrently and still preserve the task determinancy.

If the ordering relationship is total, then only one 
execution sequence exists; this sequence is the serial 
execution sequence. When the ordering relationship
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is total, concurrent execution cannot occur. (Although, 
it may be possible to derive a partial ordering 
relation such that all the variables are read "correctly" 
and if all variables of are read "correctly", then 

is executed "correctly". Obviously, a program will 
be executed "correctly" if all its statements are 
executed "correctly".)

If 1^ is a branch instruction (either conditional or
unconditional), execution of Ii will cause certain
subsequences of instructions to be executed more than
once or not at all. If the branch instruction is a
forward branch, then the destination instruction
I. ( k / i + l ) i s  such that i < k; for this case the ^ • 
instruction string through J^-l not be
executed. If 1^ is a backwards branch, then i > k
and the instruction string Ifc through 1^ is repeated
(assuming this instruction string is branch free).

3.3.3 Conditions for Statement Independence
Two instructions 1^ and 1^ are said to be independent 
if and only if no d-value (dv) of 1^ (denoted dv^) is 
an s-value (sv) of Ij (denoted svj), no d-value of 1^ 
is an s-value of 1^, and the d-values of 1^ and Ij are 
disjoint. If the above conditions are not satisfied, 
then Ii and Ij are said to be dependent. If l± and 1^ 
are dependent, then a dependency exists between 1^ and
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Dependencies are here classified into the following 
three types: procedural dependencies (caused only by 
branch instructions, the uncertainty as to whether 
or not an instruction should be executed), data 
dependencies (dependent only on proper data values, 
such as observing the execution order to assure that 
the variables are read "correctly"; not caused by 
branch instructions) and procedural data dependencies 
(caused by a data value being dependent on the branch 
execution route).

Statements which satisfy the above conditions for 
statement independence are parallel executable [3.11]. 
The following definition of parallel executable 
statements follows directly from these requirements 
for statement independence.

DEFINITION 3.7: S. and S, are parallel* «Jexecutable statements if and only if 
(dvt O  sVj ) (J (dVj O  svi) [J (dvj[ Pi dv^ ) = $

where $ is the empty set.
We are now able to make the following observations 
regarding parallel executable statements.

The precedence relationship which must be preserved 
among statements is related to both their execution 
order and their data dependency.

22



Parallel executable statements and Sj are permitted 
to share only limited v-resources; only their s-values 
can be common resources. (Only s v ^ O  svj is not 
required to be the empty set.)

The processing elements executing these parallel 
executable statements do not require direct communications 
between one another to execute these statements; 
the only reason for direct communications between these 
processing elements is to provide direct transmission 
of intermediate results to further speed up the 
multiprocessor system.

3.4 WEB STRUCTURES
The web structure is a graphical representation of an 
assignment statement which displays the operations 
which can be performed concurrently. This web 
structure can be used to obtain an improved lower bound 
on the number of processing elements required to process 
an expression without increasing the critical height 
of the graph structure.

A web, W, is a connected, directed graph structure 
consisting of: (1) a set of operands, (2) a set of 
nodes, N*ng,n^,ng,...,nf which represents the assign­
ment operators (t-operators) of an assignment statement,
E, and, (3) a set of arcs, the ordered pair node 
subscripts (q,r) which connect the nodes nq and nr of 
the graph. The web is a leveled structure whose levels 
are numbered from 0 to h in ascending order. Each
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node at level r, 1 ^ r jc h, has one and usually 
two or more, inward arcs emanating from nodes at 
level(s) p and/or q, where p < r and q < r. Each 
node at level r has one or more outward arcs to nodes 
at level(s) s, where r < s. The set of input operands 
are at the top level, level 0 in the structure, and 
they have only outward going arcs. In general, there 
is only one node at the bottom level, level h of the 
web; this node is the output node of E and is 
identified as the terminal node. (Sub-terminal nodes 
are permitted to exist at levels below h in the web 
structure; these sub-terminal nodes correspond to 
intermediate outputs. Multiple terminal nodes are 
also permitted in web structures and correspond to 
compound outputs.)

DEFINITION 3.8: Let the terminal node of a web
W be at level h, then H [W] = H is the height 
of the web. If 1 is a minimum height web, 
then the convention H [W] = H is used to 
represent this height. This height is referred 
to as the critical height of the web.

We will adopt the convention that h [n^] represents 
the level of node nĵ  in the web.

DEFINITION 3.9: If there exists a string of arcs
from n̂  ̂ to n j , where h [n^] < h[nj], n.̂  is 
a predecessor of n̂ . and n^ is a successor of 
n ^  If h [n^] = h[n^] +1 then nj is the
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immediate successor of i^.

Obviously, the input operand set corresponds to the 
initial predecessor set, which is the predecessor 
set of the web.

With the above definitions established, we can define 
a syntactic web as follows:

DEFINITION 3.10: A syntactic web W [E] of an
assignment statement E is a connected, directed 
graph whose nodes represent the operations of 
E to be performed on the datum. The datum is 
provided to the node on its input arcs by its 
predecessors. The datum result is provided 
by the node to its successor(s) on its output 
arc(s).

The nodes of W represent an operator for its 
predecessors and an operand for its successors.

DEFINITION 3.11: The height of the assignment
statement E represented by the web W is 
h [E] » h[W]. H [E] is the convention for 
representing the minimum height of the assign­
ment statement E.

DEFINITION 3.12: A binary web is a web whose
nodes have a maximum of two inward arcs.

1

25



In the following paragraphs we discuss the number of 
processing elements, PEs, used in the web transforma­
tions of various expressions. The number of PEs 
required is equal to the depth of the web.

DEFINITION 3.13: The maximum depth, D [W],of a
web W, is the maximum number of t-operators at 
any level of the web. The depth of W at level 
h is d [h].

The web structure described above is an n-ary web where 
each node can be at most an n-ary operator. In what 
follows, the term web will refer to binary webs.

For convenience, we shall use m to denote the number of 
PEs (i.e., the number of microprocessors) used by a 
web or at any level of the web (m=D [W] or m=d [h]).
We shall use M to represent the minimum number of PEs 
required by a web of minimum height; M*D [W] for 
H [W] - H.

To provide truly useful information regarding the 
exploitation of parallelism, the construction of a 
syntactic web must depend on the operator weight, that 
is, the execution time required to perform each 
t-operator. In the simplest analysis only two basic 
operators (multiplication (*) and addition (+)) need 
be considered and they are assumed to have unit weight. 
The effect of differently weight operators is a 
direct extension of this work; one such web is 
presented here for completeness.
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Summation of n Numbers

It is well known that the minimum number of levels

H [n,m] to add n numbers, £ a. , on m PEs is [log n"|;
i-1 1

(log x means loggx). Generally, the minimum number of 
PEs required to achieve this minimum computation time 
for a tree is given as m = I&/2J • However, for 
the web structure, this is only an upper bound on M.

Consider the example where n=9. Here m = [n/2j - 
[9/2J * 4 and H [9,4] = p.og 9| = 4 for the tree,
Figure 3.4-la. However, for n=9 the web structure only 
requires M=»3 while still maintaining H [9,3] = 4 ,
Figure 3.4-1 b and c.

For these simple classes of computations, the web 
structure resembles a tree-like structure. This 
resemblance is to be expected in simple computations 
since trees are simplified, special cases of the 
generalized web structure. Figure 3.4-2 is a plot 
of the minimum number of PEs (M), required to add 
n numbers in the minimum height, H [n,M], compared 
with |_n/2j C3 -3) • H [n,M] is the minimum execution 
time for the summation of n numbers.

Multiplication of n Numbers
The results for the multiplication of n numbers are 
identical with those for the addition of n numbers.
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FIGURE 3.4-1
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FIGURE 3.4-2
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To avoid repetition, the case of multiplication of 
n numbers shall not be discussed here. It is 
sufficient to note that Figure 3.4-1 applies to the 
multiplication of n numbers if the t-operator * is 
substituted for the t-operator + everywhere. Likewise,

n
Figure 3.4-2 applies equally well to * a..

i=l 1
Computation of Powers
In this section we will develop the web structure
representation for the parallel computation of the
powers of x, such as xn where n is an integer,
n _> 2. We shall assume that the most powerful
t-operator available for this class of computation is
the multiplication operator; t-operators-such as 
3 4x , x , etc. are not included in the instruction 

repertoire of the PEs. We shall also assume that x 
is the only initial variable (initial predecessor).
It will be clear from the web graph structure 
developed later in this section that the minimum 
number of levels required to compute x11, assuming an 
adequate number of PEs (M), is H [n,M] = [log n| 
and that the minimum number of PEs necessary for this 
computation is sufficient (that is all that is 
necessary) for the web structure to obtain this 
minimum height. A web of height H [W] can be used to

2 2H[W1 generate the powers of x (in the range x through x ).
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Let us first consider the computation of x1 .̂ For this 
example, n=ll and H [11,M] ■ 4 when m > 2 ,  Figure
3.4-3. Here,the t-operator result will be substituted
for the t-operator at each node. The only initial
operand is x and it is located at level 0; at level 12of the web the intermediate operand x is generated.3At level 2 the intermediate operand x is generated and

5 6the intermediate operands x and x are generated at 
the third level. Finally, at level 4 the resultant 
x 11 is produced.

A web with H [W] = 4 is sufficient to generate all of 
2 16the values x through x ; Figure 3.4-4 depicts such 

a web. For this case M=8, the number of PEs at the 
bottom level (level 4). If all of these values of
xn (n=2,3,...,16) are not required as terminal or

2 13subterminal nodes then M ^  8. If only x through x
are terminal and subterminal nodes, then M=5, the
number of PEs required at level 4. However, if only
2 11 x through x are required then M=4, the number of

PEs required at level 3. In general, the number of PEs
(M ') is at most the number of PEs used at the bottom
level (H[W]=H) or the number of PEs used at its
immediate predecessor level. Figure 3.4-5 demonstrates
a case where M' < M and furthermore, the number of PEs
is not maximum in either of the last two levels. Figure
3.4-5 also demonstrates the web option which exists 
for generating intermediate subterminal and terminal 
nodes (i.e., x18 = x12 * x6 rather than x9 * x9 ).
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FIGURE a.4-3 THE WEB FOR THE COMPUTATION OF X11
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FIGURE 3.4-5
A COMPOUND WEB FOR THE COMPUTATION OF X18,X24 AND X27 

(AND X5 A SUBTERMINAL NODE IF REQUIRED)
NOTE WEB OPTION: X18*X12*X6 RATHER THAN X9*X9
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The web of Figure 3.4-6 is a generalized web for xn 
2 nand/or x through x . This web structure can likewise 

be used to directly obtain the web for x^ where 
j —  n. At the i-th level of this generalized web, 
the powers of x are 2*”^+l through 2* and are computed 
using only its predecessors at levels i-1 and i-2.
To achieve this degree of parallel processing, at 
this level of the web, at most 2*“ * PEs are required.

2 nThe maximum number of levels required to compute x thru x 
is flog n| ; this in general requires at most 
M' PEs where M' is the greater of: (1) n-2 P og ~*
or (2) 2 3  -2 .

It is obvious that this web is optimum with regard to
minimum height (computation time) and that a complete
web of height H [W] ■ flog nl can be utilized to

„ 2 flog nl
generate the powers of x (x through x .

Computation of Polynomials
We will now consider the computation of polynomials 
Pn (x), of degree n, utilizing the web structure.

Pn(x)*a xn + a -.x0"1 +...+ aA n n— l o
We shall assume that the most powerful t-operators 
available for this class of computation are the 
multiplication and addition operators and that the 
only initial variables (initial predecessors) are 
a^ (i»l,2,...,n) and x. Furthermore, we shall 
assume that Pn (x) is not available in factored form.
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FIGURE 3.4-6

GENERALIZED WEB FOR THE COMPUTATION OF X° AND/OR X2 THROUGH Xn

LEVEL 0



A modified form of the web used in the computation of
the powers of x is utilized for the computation of
polynomials. In Figure 3.4-7 a web is constructed
for the polynomial P 7(x); here H[P7 (x)] = 5. (It

6 7should be noted that X and X need not be generated7to produce P (x).) In Figure 3.4-8 a weighted web 
for P4 (x) is presented; here the multiplication 
operator has a weight equal to three times that of 
the addition operator. (The addition operator 
execution time is t while the multiplication operator 
execution time is 3t.)

Figure 3.4-9 is a plot of H[W], execution time, as a 
function of n for the polynomial, Pn (x) where 
n*1,2,...,36. The corresponding web is given in 
Figure 3.4-10. These web results are better in terms 
of computational speed than those obtained with the: 
k-th order Horner's Rule, Estrin's Method, Tree Method 
or Folding Method [3.5].

3.5 SAMSON - A DATA FLOW MULTIPROCESSOR
Recent studies of concurrent operations within commuter 
structures have yielded a new form of program 
representation; this representation is known as a 
data flow representation. Data flow representations 
applied to programming languages have been described 
in the literature by Bahrs [3.12], Dennis [3.13] and 
Kosinski [3.14], [3.15]. This representation of 
parallelism in programming languages combined with 
the proceeding research into parallel processing 
utilizing web structures sporned the concept from
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Figure 3.4-8 
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FIGURE 3.4-9
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which the research into the SAMSON architecture 
developed.

Specifically, execution of an instruction is data- 
driven within the SAMSON multiprocessor; that is, each 
instruction is enabled for execution only when each 
required operand has been received by the executing 
PE (from the preuecessor PE or alternately from
the predecessor instruction). Hence, the SAMSON 
architecture executes elementary data-driven data-flow 
instruction streams and avoids the problems of processor 
switching and processor/memory interconnection. These 
problems are present when attempting to adapt convention­
al processors and memories in a multiprocessor system 
utilizing a massive interconnection network.

The SAMSON multiprocessor is designed to execute the 
elementary data-driven data-flow instruction stream 
which is graphically represented by the elementary 
data-flow web structure of Figure 3.5-1. The nodes 
(operators) of the web are connected by arcs along 
which the data values (conveyed by tokens) are 
transmitted [3.16]. A node is "enabled" only when 
all of the tokens are present on all of its input arcs. 
The enabled node may then fire at any time, removing 
the tokens on its input arcs, computing the result 
from the operands associated with the input tokens, 
and associating that result with a result token placed 
on its output arc. Results are sent to more than one 
destination by means of links which remove a token
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on its input arc and places copy tokens on its output 
arcs. The nodes and links cannot fire unless there is 
no token present on the output arc of that node or 
link.

Figure 3.5-1 is an elementary data-flow web structure 
for the computation:

input: x, y, z
computation A= (x * (x+y)) + y

B- (x + y)/A 
C* (x * (x+y)) + z 

output: A, B, C

The links La and Lb are initially enabled; the firing
of La makes copies available at 0a and 0^. Likewise
the firing of the Lfe makes copies of y available at
0 and 0.. Once L and L. have fired, in any order,a a a b
0 is enabled. After 0 has fired, completing the
3L 3L

computation x+y, L becomes enabled. The firing ofc
L enables the firing of 0. . After 0, has fired, c b b
L. will fire. If a token exists on z then 0 and 0 d c d
are simultaneously enabled. The firing of 0 and 0c d
produce the results C and A, respectively. In 
addition, the firing of Od enables Lg . When Lg fires, 0e 
is enabled; finally 0o fires and the result B is obtained.

It should be noted that once L„ fires, 0 can fire
C Q,

again provided 0o receives new tokens from L and L. .a a b
Thus 0 can be producing a result corresponding tocL
iteration n + 1 (the new token values of x and y) while
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Og is either (1) waiting to execute iteration n on
values x and y (0 is blocked), or (2) 0 is eithere e
ready (having received the input tokens but not 
having started execution) or, (3) 0„ is executinga
iteration n.

3.6 MULTIPROCESSOR CHARACTERISTICS
The diversity of characteristics which can exist within 
a multiprocessing systems is due, in part, to the 
variety of notions associated with the concept of 
parallelism and, in part, to the inventiveness of 
the system architects. Rather than attempting to 
discuss the characteristics of the specific multi­
processing systems considered during this work, 
the multiprocessor will simply be defined in terms of 
those capabilities, generally agreed upon, which 
characterize it.

DEFINITION 3.14: ^ multiprocessor system must 
contain two or more, either symmetric or 
asymmetric, processing elements (although 
some definitions exclude asymmetric systems) 
all having access to the common shared memory 
as well as access to the shared I/O devices.
In the multiprocessor system, there must be 
a single integrated operating system and, 
in addition, there must be intimate hardware 
and software interaction at all levels of 
the system.
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To exploit the parallelism in an assignment statement 
for the purposes of improving the execution time, 
while minimizing the number of processing elements, 
it is desirable to impose additional requirements 
on the processing characteristics of the multi­
processor. These additional characteristics include: 
the ability to detect potential concurrency utilizing 
look ahead (hardware) monitors, the ability to 
execute multiple instructions concurrently upon the 
detection of this potential concurrency (while 
preserving the task determinacy) and the ability to 
communicate intermediate, intra-task results rapidly 
among multiple processing elements.

These features, in and of themselves, are inadequate 
to ensure significant improvements with a multi­
processor as compared with a uniprocessor architecture. 
Consider a multiprocessor containing unlimited 
resources (with regard to the number of processing 
elements); lack of a sufficient number of general 
registers would introduce dependencies on the actual 
machine code which are not dependencies in the higher 
level language statement of the program. Sixteen 
general purpose registers are provided in each SAMSON 
PE to minimize such dependencies. Likewise, inefficient 
use of the general purpose registers by the programmers, 
assuming an adequate number of such registers, or poor 
code generation by a compiler can create similar 
dependencies. (Giroux [3.17] reported a speed up 
factor of 25 being achieved for code carefully reworked.
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This reprogramming effort took several years; such 
techniques will not be investigated here.)

Furthermore, unresolved addresses are a major cause of 
potential dependencies. Such dependencies have been 
ignored in the literature. In most third generation 
computers, absolute addresses are computed during 
run time by adding a displacement (contained within 
the instruction) to the contents of a base and/or 
index register. Although such addressing schemes 
permit shorter instruction word formats and greater 
run time flexibility in bulk data processing systems 
(with regard to memory management), they present a 
significant hazard for potential concurrent execution. 
Such dependencies are not apparent when dependency 
graphs are generated from assembly listings utilizing 
symbolic addresses. Consider a symbolic code 
segment:

Program Comment

STO AO, I STORE AO

ADD Al, J ADD A1 with content
of memory

The real address symbolically represented by I will 
have to be computed (assuming base and/or indexing is 
utilized, i.e., STD AO, A(x q )) before it can be
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compared with the real address symbolically represented 
by J (or any other memory address referenced after 
STO AO,I). Thus the fetch from J cannot be safely 
initiated. Where base, index, relative register or 
indirect addressing are not utilized such del avs are 
not encountered. It should be noted that such delays 
would occur even if there were no actual conflict.

Thus memory addressing should be absolute wherever 
possible due to the delays caused by "register" and 
indirect addressing. However, provisions should 
exist so that the programmer can declare that the 
processing can proceed despite register and indirect 
addressing. However, when doing so it is the 
programmer's responsibility to guarantee that all 
instructions following that declaration (until the end 
of that declaration) are independent of the effective 
addresses utilized (e.g. they do not corrupt the 
effective address).

3.7 THE INDIVIDUAL PROCESSING ELEMENTS (PEs) OF SAMSON
Before proceeding with a description of the SAMSON 
system (including a discussion of the look ahead 
hardware monitors, the communications between PEs, 
and the throughput improvement achievable utilizing the 
SAMSON architecture) the individual PEs will be 
described. This is especially appropriate in the 
SAMSON multiprocessor since the architecture of each 
PE is that of an instruction stream pipeline organiza­
tion which performs concurrent fetch, decode and
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execute operations) utilizing bit-slice microprocessors 
and a pipelined microprogrammed sequence controller 
employing programmable read only memories (PROMs) 
to provide a flexible time-stationary microinstruction 
control flow. In addition, the PE incorporates an 
independent address processor and a broad micro­
instruction word format to further enhance its 
execution speed. All of these features are combined 
in each of these PEs to achieve a high performance 
general purpose processing element capable of 
performing internal concurrent operations.

3.7.1 INTRODUCTION TO THE SAMSON PE
A description of the high performance microprocessor 
based PE emulation of the existing SAMSON prototype 
PE (which is itself a high speed, general purpose 
processing element) is presented here. The objective 
of this emulation was to improve the overall perfor­
mance characteristics of the PE by more than three fold 
while maintaining software compatibility (with the 
SAMSON prototype PE). Hardware implementing this 
emulation has been built and tested, verifying the 
desired improvements. The resulting PE is completely 
software compatible with its predecessor, and also 
contains a powerful expanded instruction set. As an 
example of the speed improvement achieved, the 
interregister ADD execution time is less than 
200 nanoseconds, as compared with one microsecond for 
the original PE. An overall improvement in through­
put greater than three-to-one has been demonstrated 
for this PE (specifically, the throughput exceeds
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1 MIPS*) without considering the additional efficiency 
obtainable through the use of the expanded instruction 
set. Additional improvements include: (a) half the 
weight, size and power dissipation, (b) reduced cost,
(c) increased reliability, and (d) improved testability 
and fault isolation capability. The architecture of 
this new PE incorporates bipolar microprocessor 
technology, instruction stream pipelining, a pipelined 
microprogram sequence controller, and concurrent pro­
cessing techniques. The resulting machine is an advanced 
state-of-the art real time PE that outperforms 
traditional processor organizations. The bit-slice 
microprocessor based PE utilizes an instruction 
stream pipeline organization which provides concurrent 
fetch, decode and execute operations. Instruction 
stream pipelining is accomplished through the use of 
independent units for the arithmetic computation, 
the address processing and the microprogram 
sequencing. These functional units are implemented 
utilizing 4-bit bit-slice microprocessors, bit-slice 
microprocessor support components, and standard MSI,
LSI and PROM devices, respectively. A time-stationary 
micro-instruction control organization utilizing a 
PROM micromemory provides a highly efficient and 
versatile PE structure.

Unlike conventional pipeline processors (i.e., the

♦MIPS, millions of instructions per second
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IBM 360/91) whose arithmetic computational resources 
are divided into several sequential computational 
stages, each of which processes an independent set of 
data, an instruction stream pipeline processor is 
one that has several instructions in various phases of 
execution at the same time without necessitating 
independent, multiple computational resources. (This 
instruction stream pipeline processor, PE, requires 
only a single arithmetic computational unit).

This microprocessor based PE is not intended as a 
panacea for the EDP industry; rather, it is a small, 
low cost, low power, real time processor providing 
the high speed computational capability necessary to 
satisfy a broad spectrum of real time applications.

3.7.2 General Overview And Definitions
The microprocessor is a relatively new component which 
is emerging as a major tool for both logic and system 
designers. This microprocessor technology has now 
matured sufficiently so that it is both technologically 
and economically feasible to design and fabricate a 
high performance processing element, through the use 
of microprocessor bit-slice components, having the 
performance improvement desired here.

Traditionally, the speed, size and power dissipation 
improvements which have evolved in the processor area 
have resulted from technological gains obtained 
primarily through the use of new circuitry, i.e., logic
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elements becoming significantly faster and significant­
ly more sophisticated, while dissipating less power.
In and of itself, the technology only provides a 
throughput improvement factor of approximately 1 .8 ; 
however, this is not adequate to provide the high 
performance desired here. Perhaps technologies and 
circuitry presently in the development stages [3.18], 
[3.19] will provide this capability; unfortunately, 
these techniques will not be available in the immediate 
future. Consequently, in order to obtain significant 
performance improvements over traditional organizations, 
utilizing those components which are currently available, 
internal architectural changes to the PE structure were 
required [3.20], [3.21]. The resulting throughput 
improvement factor obtained with this PE architecture 
exceeds 3.8 times that of the predecessor PE.

The PE described in this paper is a microprogrammed, 
bit-slice microprocessor based machine which utilizes 
a pipelined, microprogrammed sequence controller and 
an instruction stream pipeline organization to provide 
concurrent fetch, decode and execute operations.
This bit-slice microprocessor architecture has been 
successfully used to emulate* the existing SAMSON

*Here emulation is distinguished from simulation, such 
as: in an emulation one strives to equal or excel as 
compared with a simulation which simply tries to 
imitate or act like the original machine.
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prototype PE, while providing improved performance 
characteristics. These improved performance character­
istics include:

o Upwards software compatibility
(including an expanded instruction set) 

o Improved instruction execution times 
(i.e., a five-to-one improvement in 
the interregister ADD execute time) 
and,

o Throughput improvement in excess of 
three-to-one (without considering the 
additional efficiency obtainable through 
use of the expanded instruction set).

This PE is ideally suited for applications where the 
above factors, as well as cost, reliability and fault 
isolation are prime considerations.

Before proceeding further, the terms "microprogrammed'', 
"pipelined" and "time-station micro control structure" 
will be defined.

The term "microprogram" was first introduced by 
M. Wilkes in 1951 in his paper, "The Best Way to Design 
an Automatic Calculating Machine" [3.22]. He used 
this terminology to describe the entire ensemble of 
micro-operations (the basic elemental micro-control
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operations) used in his ordered logic matrix, which 
replaced the random, hardwired control logic within 
the CPU. The term microprogrammed as used here 
implies a machine employing a fixed micro-store (i.e., 
a read only memory) implementation of a particular 
machine architecture or one which is designed with 
the capability of being micro-coded (by the processor 
architect)to implement several machine languages and 
architectures. (This is in contrast to microprogram- 
mable machines, utilizing writable control stores, which 
support user generated microprograms.)

Originally, the term pipeline was introduced to describe 
pipeline processors, the class of processors (including 
the CDC 6600 and the IBM 360/91) where computational 
operations were divided into several sequential stages; 
each of these stages processes an independent set of 
data at the same time. As a simple example, let us 
consider a floating point add instruction. This 
operation is easily partitioned into four basic 
operations; i.e., comparison of exponents, alignment, 
addition, and normalization. In performing this 
instruction, independent hardware blocks can be 
associated with each of these functions and inter­
connected by inter-stage buffers (Figure 3.7-1).
The operands flow through this network in much the 
same way as fluid flows through a pipeline; hence 
the name pipeline processor [3.23].
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Basically, a pipeline device is one that is capable 
of accepting new inputs before the processing of 
previously accepted inputs have been completed. This 
terminology has recently been adopted to describe 
devices organized as a one-word, word-parallel 
shift register, wherein the information generated in 
cycle i (which is required in cycle i+1) is placed 
on the doorstep of the pipeline (buffer) register 
during cycle i and captured by the pipeline register 
on the transition from cycle i to cycle i+1. It is this 
more recent interpretation of the term pipeline which 
is used throughout this paper when discussing the 
pipelined microprogram sequence controller.

An instruction stream pipelined organization,(described 
later) like the pipelined processor [3.24], provides 
two extremely different types of control; namely, control 
of the processing of each independent data set at every 
stage of the pipeline as well as control of the unique 
routing of each datum. Such control can be achieved 
in a microprogrammed control structure in one of two 
ways. In the first of these approaches, the micro­
instruction specifies all of the activities in the 
pipeline for that instance of time. Alternatively, 
the organization can be such that the micro-instruction 
flows through the pipeline with the data, providing 
control for several cycles. These two types of micro­
program control are classified as time-stationary and 
data-stationary, respectively.
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In time-stationary microprograms, each micro-instruction 
specifies all of the micro-controls of the pipeline for 
a single machine cycle. The entire state of the machine 
is defined by the current micro-instruction. For the 
case of data-stationary micro-programs, each micro­
instruction specifies all of the paths for multiple 
micro-cycles to be taken for each datum. Thus, 
during any machine cycle, the state of the machine is 
determined by several currently active micro-instructions 
[3.25]. Both types of micro-control structures are 
shown in Figure 3.7-2.

3.7.3 Emulated PE Description
The SAMSON processing element which has been emulated 
is organized as a microprogrammed parallel general 
purpose machine operating on sixteen bit data words.
This processor provides maximal computational 
capability in minimal size while utilizing standard 
MSI and LSI circuits. The essential elements of this 
processor are shown in the block diagram of Figure 
3.7-3. They include: the 16 general purpose operational 
registers, arithmetic unit, micro-control unit, 
input/output unit, program counter, specialized single 
bit indicators, control logic and timing unit.

The sixteen general purpose registers (accumulators) 
are operated on primarily through the use of a powerful 
set of interregister instructions. Provisions are 
also made to utilize two of the registers as index 
registers during memory reference operations. In
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addition, sequential registers are automatically linked 
for double length operations.

The arithmetic unit provides the capability to perform 
arithmetic and logical operations on the machine 
registers and memory. It provides this capability 
through the use of an adder/shifter together with an 
arithmetic unit internal register. Information from 
the program counter, program memory, input/output 
unit and the 16 general purpose registers is routed 
through the arithmetic unit under control of the 
micro-control unit.

The micro-control unit is the basic source of all 
processor control signals. The heart of this unit 
is a micro-store implemented with programmable read only 
memories (PROMs).

3.7.4 Architecture Of The SAMSON Microprocessor Based PE
The architecture of this microprocessor based PE is 
that of an instruction stream pipeline organization 
utilizing a pipelined microprogrammed sequence controller 
employing programmable read only memories (PROMs) to 
provide a flexible time-stationary micro-instruction 
control flow. In addition, the machine incorporates 
an independent address processor and a broad micro­
instruction word format to further enhance its 
execution speed.
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All of these techniques are combined in this machine 
to achieve a high performance general purpose PE which 
is small enough to fit on a single card. (This small 
size is essential if a network consisting of a 
relatively large number of PEs is to be developed.)
This small size must be and is accomplished with 
readily available parts; no special purpose devices are 
required. The architectural structure, shown in 
Figure 3.7-4 consists of three independent units: the 
main processor which performs the arithmetic and 
logical computations, the address processor which 
performs the required address computations, and the 
microprogram sequence controller. The main processor, 
implemented with four 4-bit bit-slice microprocessors, 
provides the full parallel sixteen bit arithmetic 
operations as well as the internal arithmetic register 
and the sixteen general purpose registers. In the 
address processor, four 4-bit bit-slice microprocessor 
support components serve as the program counter, 
memory address register and address computational unit. 
Finally, the pipelined microprogrammed sequence 
controller, which consists of the micro-address control 
logic, the micro-memory and the micro-memory pipeline 
register, utilizes standard MSI, LSI and PROM devices.

A broad micro-instruction work format has been utilized 
to further maximize execution speed; the micro-cycle 
operates in less than 200 nanoseconds and simultaneously 
controls all of the following functions:
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1 ) the setting of various multiplexers and 
data paths,

2 ) the arithmetic processing>
3) the address computation,
4) the memory and I/O operations, and
5) the microprogram sequence flow

The technique of instruction stream pipelining utilized 
in this processor provides the high speed execution of 
machine instructions by performing parallel activities 
within the execution of the instruction stream. In the 
instruction stream pipeline flow diagram, Figure 3.7-5, 
it is shown that the execution of an instruction can 
be considered as consisting of four sequential phases. 
Each phase is time overlapped with the other phases, 
causing several instructions to be in various stages 
of completion at any given time. Execution of a single 
instruction may require four, five, six or more 
sequential machine cycles; e.g., instruction address 
calculation, instruction fetch, instruction decode, 
(operand address calculation, operand fetch), and one 
or more arithmetic operations. If the first three of 
these phases of different instructions are overlapped 
(performed in parallel) then the actual execution 
time of each instruction is reduced [3.26].
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In Figure 3.7-6, consider I the first instruction, i.e.a
initially, the instruction pipeline is empty (m+1 
through m+3 non-existent); in the first phase, the 
address processor calculates the location of the first 
instruction, I . In the second phase, the instructioncl
I is fetched from the external program memory andcL
placed in the memory instruction buffer while the
address processor generates the address of the next
instruction. During the third phase, instruction
Ia proceeds to both the microprogrammed sequence
controller (where the instruction is decoded) and the
instruction register. Simultaneously, instruction 1^
enters the memory instruction buffer and the address
processor generates the address of the next instruction.
In the fourth and final phase the pipeline is full.
The address of I , is calculated, I is fetched fromd c
the program memory, I. is decoded and I beginsD H.
execution. Depending on the type of instruction, the
execution phase may require one or more micro-cvcles.

In the case of an interregister ADD instruction or 
any "one cycle instruction" only one execute micro­
cycle (the arithmetic operation) is required. Other 
interregister instructions may require two or more 
execute micro-cycles.

In the case of a memory reference instruction, the 
execute phase consists of a minimum of three execute 
micro-cycles. The address processor calculates the 
operand address, rather than the next instruction

64
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address, during the first execute micro-cycle. In the 
second execute micro-cycle the operand is fetched into 
the Data Register and the address of I is regenerated 
(the address of I was destroyed when the operandv
address was calculated). In the third execute micro­
cycle, assuming direct operand addressing, the 
appropriate execute operation is performed and the 
calculated address, fetch and decode phases of 
instructions 1^, I and 1^ are performed, respectively.

If the instruction stream consists of a string of "one 
cycle instructions", e.g., Ib through Ie , the result 
of 1^ emerges from the main processor as the address 
of I is calculated. Clearly, this architecture is 
capable of handling large streams of instructions at 
high data rates while making maximum utilization of the 
memory resources. In the instruction stream pipeline 
flow of the sample instruction mix, depicted in 
Figure 3.7-6, cycles 7 through 10 clearly demonstrates 
how the instruction stream pipeline improves the ex­
ecution speed of a string of sequential interregister 
instructions. The actual execution time for these 
instructions is one micro-cycle each; the processing 
rate (once the pipeline is full) is thus four times 
that of the non-pipelined organization. From this 
example, it is obvious that maximum utilization of 
the memory is achieved (executing one instruction 
per memory cycle).

To interface with lower speed memories, as well as the
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slower operating I/O devices, a request/response 
system is used to lengthen only those micro-cycles 
associated with low speed device communications.
Thus, the system interface permits slow, moderate 
and high speed devices to communicate at their own 
maximum rate.

Performance Characteristics

The salient characteristics of the bit-slice micro­
processor based machine shown in Figure 3.7-7 are:

TYPE: General Purpose, Digital Processing Element
Full Parallel Organization 
Instruction Stream Pipeline Structure 
Sixteen General Purpose Registers 
Two Tndex Registers 
Stack Pointer
Pipelined Microprogrammed Control Unit 
Bipolar MSI, LSI and Microprocessor Technology 
Upwards Software Compatibility With The 

Prototype PE

ARITHMETIC: Binary, Fixed Point, Fractional
16 Bit Single Precision Data Words 
32 Bit Double Precision Data Words 
Negative Numbers in 2's Complement Form
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SPEED: 1.27 MIPS
200 nsec micro-cycle time 
200 nsec memory cycle time 
Throughput Improvement Factor

(vs. predecessor) - Greater than 3.8.

EXECUTION TIMES: 0.20 usee Interregister Add
0.60 ysec Memory Reference Add 
4.0 ysec Multiply*

SIZE: One Card (86 microcircuits)

POWER: (Watts at 5 VDC): 15.1 Basic Instruction Set
16.4 Basic and Expanded 

Instruction Set

3.7.5 PE Instruction Repertoire
The basic instruction set, the instruction set of
the prototype PE being emulated, is grouped intc six 
classes: Memory Reference, Interregister, Shift,
Skip, Control and Input/Output. All instruction 
word formats are constructed within the 16 bit word 
length. Table 3.7-1 specifies the execution times 
for some of the instructions in the basic instruction 
repertoire when executed on the bit-slice micro­
processor based PE; instructions are listed by group

♦Can be reduced with additional hardware to 1.4 ysec.
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and mnemonic.

In addition, Table 3.7-1 also specifies the execution 
times of some of the expanded instructions included 
in this PE, which presently includes: Double Precision, 
Saturate Arithmetic, Logical, Stack and Multiple 
Register Memory Reference classes of instructions.

Appendix A provides a detailed listing of the 
execution time for all of the instructions.

3.8 SAMSON MEMORY ORGANIZATION
Each individual PE has its own local memory space 
where the minimal size is application dependent. The 
individual PEs are compatible with both core and 
semiconductor memories, including semiconductor 
ROM and/or RAM (read alterable memory).

In order to maintain maximal throughput, semiconductor 
RAM memory is utilized as the local RAM memory.
In an all RAM configuration, the RAM local memory 
provides for storage of the operational program, 
constants, presets, results of intermediate calculations 
as well as, at least, a link to the executive program.
In such a configuration, provisions are made for a 
hierarchical memory organization; a two-port local 
memory is utilized with one port connected to a low 
speed backing (core) memory. Mass storage requirements 
can be provided by extending the hierarchical structure
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TABLE 3.7-1 
EXECUTION TIMES (IN USEC)

Memory Reference Instructions 
Add, Subtract,
Load, Store, Jump }
Interregister Instructions 
Add, Subtract, And, Or,
Logical Complement & 
Arithmetic Complement 
Mult iply 
Divide
Shift Instructions 
Left, Right, Long, Short, 
Arithmetic & Logical 
Rotate Left Long (Short)
Skip Instructions 
Decrement and Skip if:
Zero, Non-Zero 
Skip If: Greater Than,
Greater Than or Equal, j

iLess Than, etc. j
Double Precision Instructions 
Add & Subtract 
Arithmetic Complement 
Multiple Register Instructions 
Load N Registers 
Store N Registers 
S= Number of places shifted,
N= Number of registers,

>

0.8

0.2

4.0
7.75

0.4 H

0.4 h

0.8

0.4
0.6

1.2 +

0 £ S
1 < K

(Av.)

. 2S 

. 2S

. 2N

1  15 
< 16

71



so that the backing memory is a two-port memory with 
one port connected to the slower speed mass memory 
(disc or drum). This memory hierarchy can be 
managed utilizing conventional replacement algorithms.

Alternatively, the operational program, constants, 
presets, and executive link can be stored in a ROM 
(PROM or EPROM) local memory to assure program 
integrity while utilizing a RAM local memory for 
temporary results. Here, the local memory is 
partitioned into a Scratch Pad (RAM) memory and a 
(ROM) Program memory. In this configuration, 
program replacement is managed in a completely different 
and unique manner. Power switching techniques, which 
are included to reduce the power dissipation of the 
Program memory, are utilized to select and/or replace 
active programs.

It is this latter memory configuration which provides 
maximum speed and minimal power. Obviously, speed is 
a primary consideration in a real-time multiprocessor. 
Perhaps, less obvious, is the need for minimal cower. 
Clearly specific applications, i.e., aircraft, space, 
etc. require minimal power dissipation. However, 
in addition to these application requirements there is 
even a more fundamental need for a low power dissipa­
tion local memory. Since the multiprocessor may have 
a relatively large number (n) of PEs the total power 
dissipation due to the total memory (assuming equal 
size PE local memories) is n x local PE memory power.
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3.8.1 Local PE ROM Memory
The local PE PROM memory segment is partitioned into 
multiple pages. (Assume a 16K word, by 16 bit, 
active ROM local memory implemented with 512 word 
4 bit PROM devices.) The memory is partitioned into 
p pages, where

P = local ROM memory size 
ROM component size 

(hence, p = 32 pages in this example).

Rather than powering all p pages all of the time, 
only that page which is actively being addressed is 
powered. All other PROM pages are thus unpowered and 
the power dissipation is reduced to 1/p of what it 
would have been otherwise. (In the example under 
discussion the power would be 1/32 of an all powered 
local ROM memory. In addition, the reliability of 
the local ROM memory is increased as a result of these 
unpowered pages.) It should be noted that the present 
semiconductor ROM technology is adequate for 
developing a PE compatible power switched ROM local 
memory having a compatible access time. (Assuming w watts/ 
ROM device, the local ROM memory array power is only 4w).

The power switched local ROM memory can be further 
partitioned so that multiple application tasks, where 
each application task can be of the maximum memory 
address space size, can be accessed directly by each 
PE. In this configuration, only the active page of 
the active task memory segment is powered. Through
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this power switching mechanism, it is possible for the
PE to switch from task to task at a minimal overhead 
penalty. (Switching tasks takes the same amount of 
time as addressing a word within another page of the 
same task. It should be noted that the time to 
access a word within another page of an active task 
requires less than the PE required access time.)

The resulting logical address space (for the 32,768 word 
physical address space) is thus greater than 1 billion 
words.

3.8.2 Local PE RAM Memory
The local PE RAM memory in a ROM/RAM local memory is 
a segmented programmable read alterable memory. The 
segment (or block) size and logical address are both 
programmable. The local PE RAM utilizes a programmable 
address mapper to control both the segment size and 
logical address assignment of the physical RAM memory. 
This segmented programmable RAM provides maximum 
flexibility (with regard to task-to-task RAM require­
ments) while requiring a minimum of physical RAM 
memory (which not only reduces the total size of the 
multiprocessor memory system but also minimizes power 
dissipation). No special requirements (other than 
compatible access time) are necessary of the semi­
conductor RAM components utilized in this memory; 
however, to minimize total memory power it is 
desirable that these components have a standby mode 
(where power is reduced while retaining memory content)

74



as well as the normal operate mode. In addition, it 
is desirable but not mandatory that the RAM memory 
be configured as a two-port memory.

The programmable address mapper is programmed into a 
particular configuration by the executive mapper-loader 
routine utilizing the configuration data provided by the 
application program. In the following we will be 
considering a IK physical RAM (in a total 16K memory) 
configured as 32 blocks (segments) with 32 words per 
block.

The address mapper monitors the addresses on the 
(higher order) memory bus-bits (starting with M05) 
which have been selected and subdivides the total 
(16K) address space into (512) blocks of 32 words 
each. If a block corresponds to the address space 
assigned as ROM memory, the address mapper output 
signal "ROM*" was programmed to the LLO state. If 
the block corresponds to the address space assigned 
as RAM, "ROM*" was programmed to the LL1 state and 
the address mapper addresses and enables the physical 
RAM. Figure 3.8-1 depicts a 4K R0M/1K RAM and shows 
the physical partitioning of the RAM into n blocks 
(n = 32 here). Consider a 16K local PE memory 
configured from three such modules and one 4K ROM 
module (depopulated of all RAM). Physical RAM on one 
module can be assigned by the address mapper to an 
address space within the same physical module, within 
the address space of another memory module or within
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the address space of even a non-existing memory 
module. Figure 3.8-2 shows a typical RAM assignment.

In order to efficiently handle the multilevel 
vectored interrupt capability of the PE, the local 
RAM memory has the capability to have alternating 
ROM words and RAM words. Within an address space 
assigned as RAM memory ("ROM*" was programmed to 
LL1), a block is specified as an alternating block 
by programming (via the executive routine) the 
mapper output signal "ALT*" to an LLO state.
Figure 3.8-3.

Rather than assigning RAM to the physical address 
space of ROM and making that physical ROM unaccessible 
to the PE, the "backing ROM" is assigned a PE accessible 
address by the address mapper. To utilize the backing 
ROM a free (unused) block of memory is utilized.
Figure 3.8-4 depicts the backing ROM assignment for 
two different configurations.

Upon completion of a task (or reassignment of a PE 
to another task) the executive mapper-loader routine 
would reconfigure the programmable address mapper 
in accordance with the new configuration data provided 
by the new application task. If the PE has been 
temporarily reassigned, temporary reassignment storage 
allocation is provided for storage of this temporary 
data. Assuming the new configuration requires 64 
blocks of 16 words per block the address mapper would 
monitor the newly selected memory bus bits (starting
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with M03).

3.8.3 Local PE ROM Patch Organization
Although it is most desirable from a power dissipation 
point of view to utilize a ROM power switch memory 
configuration (once the executive routines and applica­
tion programs have been established) there is one 
drawback to such a memory configuration. Generic 
software errors cannot be corrected easily and rapidly 
once the ROM memory elements have been programmed.

Hence, in order to obtain the best of both (low power 
as well as protection of program integrity due to the 
ROM and program flexibility due to the RAM) the PE local 
memory provides a programmable patch organization which 
enables modification of the ROM firmware without hardware 
alteration. The number of words which can be patched 
as well as the implementation to be utilized is 
dictated by the software and speed requirements of the 
specific application.

Independent of the application, the patched memory is 
programmed under control of the executive routine from 
either the hierarchical memory or from the external 
environment through the input/output system. Figure 
3.8-5 depicts the local PE ROM patch organization (where 
the programming data paths have been omitted for 
clarity).

The memory address provided to the main local memory 
is also provided to the status flag and address

81



Status
Flag

Memory
Address

Valid Main 
Memory Content

Patch Data 
Valid

Address
Translator

Programmable 
Patch Data Memory

Data

Main
Memory
Content

LOCAL PE PATCH ROM 
(FOR A 16K PE MEMORY) 

Figure 3.8-5

82



translator. The status flag, a 1 bit array, is 
accessed to determine whether the main local memory 
content is valid or whether the patch data should 
be utilized in lieu of the main memory content. 
Concurrently, the address translator converts the 
memory address to the address of the corresponding 
patch word while the main memory content is addressed.
The status flag controls the selector so that either 
the main memory content or the corresponding patch 
word content is transmitted to the PE as the "actual’’ 
memory content.

3.9 SAMSON MULTIPROCESSOR ARCHITECTURE
The SAMSON architecture is a flexible and viable 
organization capable of being configured from 
multiple identical PEs as well as multiple specialized 
sets of PEs (where each set of PEs performs a unique 
function). Furthermore, SAMSON can be configured so 
that a single common main memory system is utilized 
or, alternatively, each PE can have its own local 
memory.

The SAMSON architecture is not restricted to a PE 
single address instruction format. The single address 
format has been utilized here due to present technological 
benefits rather than intrinsic benefits to the SAMSON 
architecture. Figure 3.9-1 shows single address, double 
address and triple address formats; all of which are 
useable within the SAMSON architecture. A single 
address format is the highest level addressing format 
which has been used in SAMSON due to the higher speed
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available through register manipulations (with the 
present state of the technology) and due to the 
resulting smaller word format required. Furthermore, 
this smaller word format is adequate for the majority 
of today's real time computing applications.

The SAMSON multiprocessor utilizes identical PEs; 
however, specialized PEs can be added to speed up 
particular operations should a specific real time 
application utilize these (slower) operators frequently.

As already indicated, the memory organization can be 
that of a single common main memory or multiple local 
memories. Furthermore, if a local memory configuration 
is utilized, a hierarchical memory organization is 
applicable. In addition, the local memory can be 
either contiguous or partitioned (i.e., consisting 
of a separate program and data memory), in which case 
program loading would be accomplished utilizing 
privileged instructions.

3.9.1 SAMSON Overview
As an instruction is peeled off of the memory, in a 
system configured with a common main memory, the 
SAMSON system dynamically schedules execution of this 
instruction by:

1 ) analyzing the op code and determining if a
free PE capable of executing this instruction 
is available (if all PEs are identical the 
opcode need not be examined),
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2 ) starting a fetch from the (data) memory 
assuming that the source operand(s) are not 
in conflict with any other instructions, 
either executing or waiting to be scheduled 
for execution in the Conflict Retry Buffer.

3) verifying this assumption simultaneously 
through the Parallel Execution Monitor 
(which identifies any conflicts), and

4) storing the instruction in the instruction 
queue from which the assigned PE will execute 
this instruction.

Alternatively, in a SAMSON multiprocessor system 
configured with PE local memories.the preconditioned 
instructions are preassigned and prescheduled.
Execution here proceeds based upon the conflict free 
conditions as determined by the distributed 
Parallel Execution Monitor.

In the following sections the various components of the 
SAMSON multiprocessor are described in detail.

3.9.2 Instruction Queue Preprocessor
Either an interleaved fetching scheme or a pipelined 
fetching scheme can be utilized to form an instruction 
queue. The fetching scheme utilized determines the 
complexity and speed of the Instruction Queue Pre­
processor (Fetching Unit). In a minimal configuration 
utilizing a pipeline fetch strategy the Instruction 
Queue Preprocessor would be distributed among each 
of the PEs; each would have a conventional memory
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access controller, provided the memory cycle and access 
times are adequate to maintain the desired throughput. 
Alternatively, an interleaved strategy would be utilized 
with a common centralized main memory system and would 
require two or more memory units as well as a more 
complex memory access controller to manage this 
memory system. In such a configuration the memory 
access controller must maintain multiple queues (or 
stacks) of instructions, control allocation of fetched 
instructions to the appropriate queues as well as 
control access to the multiple memory units. In 
addition, in such a configuration the Instruction Queue 
Preprocessor must have its own replica of the program 
counter with incrementing and loading capability. 
Furthermore, this preprocessor must be able to 
interpret both the op code and address fields as well 
as having replicas of the index and base registers for 
calculating the effective memory address for branching, 
subroutining and operand’ fetching. The Instruction 
Queue Preprocessor must also monitor PE program 
execution progress to prevent exceeding the Instruction 
Queue capacity and to be able to handle interrupt calls.

It should be noted that the Instruction Queue Prepro­
cessor does not provide the individual PEs with the raw 
operand address via the Instruction Queue. Instead, 
the Instruction Queue Preprocessor calculates the 
effective address,fetches and loads the appropriate operand 
into the Instruction Queue. If the PE being utilized 
has Vector assembly instructions, then the Instruction 
Queue Preprocessor would decompose the Vector assembly
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instructions which it would provide to the Instruction 
Queue. Once started on the Vector assembly instruction 
there can be no interference with the index registers 
and memory locations utilized here by any other 
instructions. This necessitates inclusion of Test 
& Lock instructions which are executable by the 
Instruction Queue Preprocessor. Furthermore, instruction 
prefetching would be inhibited until the vector sequence 
approaches termination. The Test & Lock class of 
instructions is not the only instruction which is 
executable by the Instruction Queue Preprocessor. In 
addition, this unit is capable of executing branch 
instructions (both conditional and unconditional).
Hence, this preprocessor unit will not pass on to the 
Instruction Queue the branch instructions which it 
executes. Whenever a branch is taken, the queue will 
simply be filled starting at the instruction just 
branched to. (Any unneeded instructions, past a branch 
instruction, in the Instruction Queue are simply 
flushed from the queue by resetting the queue pointer.)

When the SAMSON multiprocessor utilizes a pipeline fetch 
strategy, the Instruction Queue Preprocessor can be 
distributed among the PEs of the network. Here, the local 
PE program memories are preconditioned (preloaded and 
preassigned) with the appropriate program instructions 
or segments which would otherwise be dynamically 
assigned to the Instruction Queue at execution time 
by an interleaved Instruction Queue Preprocessor.
This assignment would be made by the assembler software
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at final assembly; hence, no speed or programming 
penalty is paid by the application user. Since high 
speed semiconductor memories having compatible memory 
cycle and memory access times are utilized, the 
Instruction Queue Preprocessor is all but non-existent 
(deteriorating into the conventional PE local memory 
controller).

3.9.3 Instruction Assignment Controller Option
In a SAMSON multiprocessor configured with an interleaved 
Instruction Queue Preprocessor utilizing dissimilar 
PEs (not all PEs being identical), the Instruction 
Assignment Controller would receive the preconditioned 
instructions (from the Instruction Queue Preprocessor 
fetching unit via the Instruction Queue) and determine 
which of the suitable processing elements is available 
for executing this instruction. The Instruction 
Assignment Controller simultaneously sends the fetched 
source operands and destination address to the 
Conflict Retry Monitor. (With dissimilar PEs, the 
processing elements might be divided into an arithmetic 
and logic (ALU) PE, multiply/divide PE, I/O PE, etc.)

With the pipeline fetch strategy described above 
being utilized by the SAMSON multiprocessor the 
Instruction Assignment Controller is not required 
in this SAMSON multiprocessor configuration. Simi­
larly, with an interleaved strategy and identical 
PEs the Instruction Assignment Controller function 
is reduced to maintaining the free PE list.
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Figure 3.9-2 depicts the SAMSON multiprocessor 
configuration utilizing a common main memory, an 
interleaved Instruction Queue Preprocessor, an 
Instruction Assignment Controller and three types 
of PEs (ALU PEs, MPY/DIV PEs and I/O PEs).

3.9.4 Parallel Execution Monitor
As indicated by Definition 3.7 parallel executable 
instructions are only permitted to share common 
source operands. Utilizing this definition it is 
possible to ascertain whether two intructions are 
in conflict. A conflict occurs whenever

(1) two instructions try to start execution 
and one (or both) of either of their 
operands corresponds to the result of 
the other, or if they both have the 
same destination, or

(2 ) an instruction trying to start execution 
has as one (or both) of its operands 
the result of an earlier instruction 
which has not completed execution yet, 
or its destination is the same as one 
still in the process of being executed.

The two conflicting instructions are said to be 
dependent, as described in Section 3.3.3 (the 
formulation of statement independence).

The Parallel Execution Monitor detects parallel 
executable instructions through the use of a
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hardware reference table [3.10]. The elements 
of the reference table RT(X,Si) are the variable 
names, X, and the statement labels, S^. The entries 
of the reference table would be one of the following 
four values:

RT(X,S.) =

00 if X is not referenced in S.1
01 if X is read in
10 if X is updated in
11 if X is read and updated in Si

With this reference table information, the direct 
precedence relation between statements can be determined 
and hence concurrent execution of multiple instructions 
can proceed (and still preserve the task determinacy).

If a conflict is detected, the instruction trying 
to start execution will be temporarily stored in the 
Conflict Retry Buffer. Similarly, if the Instruction 
Assignment Controller cannot find an appropriate PE 
to assign an instruction to (for execution), then this 
instruction will be temporarily stored in the Conflict 
Retry Buffer. This buffer is capable of storing both 
operand addresses (of the conflicting operand) as well 
as operands (not causing the conflict).

Those instructions which are blocked are rescheduled 
when a PE becomes free, the source operand(s) are 
available and/or the destination address for a new 
datum of the same variable is available. When these 
conditions are satisfied the Instruction Assignment
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Controller is notified that the present, ready-to-run 
instruction is no longer blocked and should be assigned 
to the appropriate PE for execution.

If an instruction can be executed, i.e., there is no 
conflict and an available PE exists, the executing 
PE receives the source operands and the opcode. The 
PE utilizes these source operand(s) and opcode to 
perform the designated operation under its own local 
control. Meanwhile, the Destination Buffer receives 
the destination register number or the destination 
effective address (if a three address format is 
utilized). The Destination Buffer is partitioned so 
that each word of this buffer corresponds to its 
companion PE.

Upon PE completion of an active instruction, the 
Parallel Execution Monitor determines whether the 
computed result can be stored into its destination 
location. If no conflict exists, the PE stores the 
result in the destination location; otherwise, the 
result is placed in the Destination Conflict Buffer. 
Assuming no destination conflict exists, the Parallel 
Execution Monitor attempts to retry conflicting 
instructions which have been waiting for this just- 
computed operand.
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Those instructions which are non-conflicting can 
execute in any arbitrary order and indeed are executed 
in parallel by making use of the multiple execution 
resources (PEs) of the SAMSON multiprocessor.

Simple arithmetic and logical instructions are 
executable in 200 nanoseconds while the longest 
instructions (Multiply and Divide) presently require 
4 and 7.75 (average) microseconds. (As previously 
indicated, these longer instruction times can be 
reduced dramatically with additional hardware; this 
was not done at this time in order to minimize research 
hardware costs.) Furthermore, there are no (or 
relatively few) unneeded memory references due to the 
multiple register architecture of the SAMSON PEs. In 
addition, the "multiple register load" and "multiple 
register store" instructions minimize execution 
overhead (which takes such a large fraction of the 
program execution time for initialization, loading 
of operands, and storing of results) associated with 
the expression or subroutine.

3.9.5 Conflict Retry Algorithm
The Parallel Execution Monitor utilizes the reference 
table described above to determine whether an 
instruction should be blocked (maintained on the Con­
flict Retry Buffer) or whether it has become ready 
(and should be moved to the Instruction Queue) so that 
it will be scheduled for execution.
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Assuming a three address instruction format, the 
Parallel Execution Monitor would generate a reference 
table consisting of three entries per statement label, 
e.g. RT (X, Y, Z, S^). Consider the case where the 
operation (op) specified by is op = add; then 

would read:

X op Y - > Z  or X + Y - ^ Z

and the reference table information for these variables 
would be: X * 01, Y = 01, and Z = 10.

Consider instruction S., as the only other instruction,
Jwith variables X, Y and A. Let op = subtract 

(X op Y-^A). Then the reference table for S. would 
read: X = 01, Y ** 01 and A = 10. Examination of 
the reference table indicates that the Conflict Retry 
Table need not be referred to in order to determine 
whether can begin execution. To facilitate this 
look up operation,the reference table should be 
implemented with an associative memory. Thus one 
copy of the reference table (RT1) would be addressed with 
X, a second copy (RT2) would be addressed with Y, and 
finally the third copy (RT3) would be addressed with A. 
(With both single and double addressing formats only 
two copies of the reference table must be maintained.)
RT1 would indicate that X is available, RT2 would 
indicate that Y is available and RT3 would indicate 
that it is available as a destination since it was not 
found in RT3.
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It should be noted, that an instruction is started 
as soon as its source operands are available, 
independent of any conflict which may exist with 
regard to its destination. The result thus obtained 
is tagged with an iteration label and placed in the 
Destination Conflict Buffer. The iteration label 
is utilized to determine when the destination location 
should be updated to this new value. A simple 
tagging mechanism readily determines "when” this 
update should be performed; this tagging mechanism 
assigns an iteration number to all intervening 
instructions between the first and second update of 
this destination operand. Upon completion of the 
execution of all tagged instructions having this 
iteration number, the destination location would be 
updated to the newer destination value.

As instructions begin execution the reference tables 
are updated to reflect the present status of the 
executing instructions; new instructions are added and 
tagged as "execution” . Likewise, as instructions 
complete execution the corresponding reference table 
entries are updated to delete the presently completed 
instruction. Blocked instructions are maintained 
on these reference tables but are tagged as being 
blocked. If had Z, B and C as its variables, 
its reference table data might read: Z = 01, B = 01,
C = 10. While S.̂  is blocked and/or executing,
will remain blocked since Z of equals 10 (updated
in S^). While Sk is blocked, will be placed in the
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Conflict Retry Buffer. Upon completion of S^, 
will become ready and will move to the Instruction Queue. 
Figure 3.9-3 depicts the reference table data and 
Conflict Retry Buffer content when S^ and are 
executing and is blocked. Figure 3.9-4 shows a 
typical reference table.

The Conflict Retry Buffer is a FIFO (first in first 
out) buffer which maintains blocked instructions in 
the same chronological order in which they were 
received, thus preserving the task determinacy of 
two instructions having the same destination address.

These features can be centralized, as in the above 
discussion, (which has been done for the purpose 
of clarity) or they can be distributed among the 
PEs of the array. Since the fault tolerant 
characteristics of SAMSON are improved by distributing 
these features among the PEs, the distributed 
configuration should be utilized in those real time 
applications where fault survivability are critical.

Due to the importance of fault tolerance in any 
multiple processor configuration, special consideration 
has been given to this topic with regard to both the 
individual SAMSON PEs and the distributed fault toler­
ant SAMSON network. Refer to Sections 5 and 6 , 
respectively,for a detailed treatment of these topics.
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REFERENCE TABLE DATA 
(THREE ADDRESS INSTRUCTION FORMAT)

V X 01 Y
s. :j X 01 Y

sk : z 01 B

01 Z 10
01 A 10
01 C 10

2 bit Status 
Executing (11)
Executing (11)
Blocked (01)

1st 
Operand

CONFLICT RETRY BUFFER

c be o aU  Eh
Yes

2nd 
Operand 
B

+■>u

c tieO ed U Eh
No

Destination
Address

c tuq O rt U Eh
No 1st Blocked 

Instruction

nth Blocked 
Instruction

B would be the actual operand value while 7 would be 
the operand address (denoted by the conflict tag). When 
S.̂  completes and stores the computed variable at Z, 
this value is copied into Z of S^ and the conflict tag 
is updated; at this time the reference table status 
for S^ would be updated to Ready (10).

REFERENCE TABLE & CONFLICT RETRY BUFFER 
FIGURE 3.9-3
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S 1 S2 S3 S4 S5 S6
A 10 00 00 00 00 00
I 01 01 11 00 00 01
J 01 00 00 11 01 01
X 00 11 00 00 01 00
Y 00 00 00 00 10 00
Z 00 00 00 00 00 10

Program Flow Reference Table Rules

S1 A = I + J

oov_ if X

S2 X X + I 01 if X
RT(x,S.) =•

S3 I I — 1 10 if X

J » J - 1 11 if X

S5 Y = J * X
*6 Z * I * J

Note: The reference table is searched associatively
using the variable name; therefore the first 
index is the variable name.

TYPICAL REFERENCE TABLE 
Figure 3.9-4
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3.9.6 Dedicated SAMSON Configuration
This dedicated configuration consists of multiple stored 
program computers (composed of a PE and local PE 
memory) each with a fixed assigned task and inter­
connected with appropriate data and control paths.
Such a system is desirable in applications where:

1. The tasks are predetermined (as in 
real time control applications as 
compared with generalized batch processing),

2 . operational speed is required which
is greater than that which is obtainable 
from a single processQr implementation,

3a. the program is partitioned such that
multiple PEs can simultaneously perform 
individual subtasks, requiring only 
moderate intercomputer communications (and 
communication rates), or 

3b. the algorithms utilized for individual 
tasks have been written for parallel 
processing execution.

In this configuration, instructions are preassigned to 
the various local PE memories so as to produce the 
same execution sequence as that which would be 
dynamically scheduled by the system previously described. 
Consequently, the Instruction Queue Preprocessor, 
Instruction Queue and Instruction Assignment Controller 
are eliminated from this configuration resulting in 
a minimal real time high speed multiprocessor suitable 
for aerospace applications where these features, as

100



well as minimal size and minimal power, are critical. 
Furthermore, in this configuration the Parallel 
Execution Monitor could be distributed among the 
PEs to provide fault tolerant characteristics 
otherwise not achievable.

3.9.7 Input/Output
The input/output requirements are significantly different 
for generalized applications and specific applications. 
Consequently,primary emphasis in this research effort has 
focused on the computational reauirempnts r»f r a m r o n ' rather 
than specific details of a sDecific I/O annlication. 
Furthermore, the communication mechanism to be 
utilized by the I/O is also highly application 
dependent. Some insight into this area can be gained 
from Section 4 which covers the performance of various 
interconnection schemes.

Despite these differing requirements, there is one 
common thread to all these I/O requirements. Although 
the system may have to interface with many I/O 
devices, only a limited number of the devices are 
actually communicated with during any computational 
interval. Consequently, utilization of an I/O bus 
structure is recommended since this reduces the size 
of the interconnection network without limiting the 
throughput of the network, assuming bus saturation 
does not occur. In general, bus saturation will not 
occur due to the limited number of actual I/O 
operations as compared with the amount of actual compu­
tation being performed. (It should be remembered that
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SAMSON is primarily intended for computation bound 
problems.)

If utilization of a bus structure should result in bus 
saturation, dedicated direct memory access channels 
or dedicated input/output processors could be added to 
the network. The input/output PEs would receive and 
transmit data to and from the calculating PEs through 
memory block transfers.

3.10 SAMSON PERFORMANCE
The goal of the SAMSON system, and for that matter of 
all multiprocessor systems, is to maximize the number of 
times multiple instructions can be executed concurrently.

Several alternative techniques exist for determining the 
degree to which the system approaches this goal. These 
alternatives include:

1. Modeling the system; the model is then utilized to 
simulate the system performance utilizing actual 
data or to statistically evaluate its performance; or

2. Utilize the system itself and measure the actual 
system performance.

Here, the second performance evaluation technique was 
used to determine the degree of potential parallelism 
existing within uniprocessor programs; these uniprocessor 
programs were written as sequential programs and are not 
organized for parallel instruction execution. Obviously, 
programs written for execution on a multiprocessing sys-
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tem would utilize considerably less execution time. 
Similarly, the system resources would be utilized much 
more when executing programs written for concurrent exe­
cution (as compared with the utilization when executing 
sequential uniprocessor programs).

In addition to the performance evaluation of these se­
quential uniprocessor programs, the performance (compu­
tation time) of the SAMSON network for the webs previ­
ously discussed were analytically determined and compared 
with the corresponding uniprocessor performance. Finally, 
SAMSON's computation time for the polynomial web of 
Figure 3.4-10 is compared with the results obtainable 
with the Folding Method, Tree Method, Estrin's Method 
and k-th order Horner's Rule.

The performance evaluation technique used on the uni­
processor programs provides actual performance measure­
ments, whereas the results that would be obtained with 
the modeling technique would: (1 ) only be as good as
the model, and (2 ) requires various assumptions regarding 
the system in order to formulate either statistical data 
or the required analytical equations. (See Section 4 of 
this work for a discussion of the parameters which must 
be accounted for in such a model. Skinner and Asher 
[3-271 proposed a discrete Markov chain model for a multi­
processor system where the processing and rewrite times 
were equal. Their analysis was performed under the re­
striction that the number of processors was less than or 
equal to two. However, for larger systems the complexity 
of the problem deterred them from further pursuit of an
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analytic solution £3-283 •)

The results obtained from these programs can be used as 
a general approximation of the potential improvement to 
be gained when sequential programs are executed on the 
SAMSON system. Furthermore, the improvement factor ob­
tained here can be interpreted as an approximation of 
the absolute lower bound in the improvement that should 
be expected when such programs are written for concurrent 
execution on the SAMSON system.

Three real time uniprocessor programs were traced, 
utilizing the SAMSON PE, and analyzed to measure SAMSON's 
performance (on these uniprocessor programs). In deter­
mining SAMSON's performance our concern is only with the 
degree of potential parallelism that exists and not the 
function of the actual program. However, a brief explana­
tion of the real time programs used, as well as an ex­
planation of the real time simulation procedure utilized, 
is given here for completeness.

A 4K word strapdown inertial guidance program utilizing 
real input data was traced. The guidance program inputs 
data via I/O instructions; here they were simulated using 
the trace routine by means of an input data request mes­
sage. In response, the data is provided by typing in 
the actual data values. In addition, this guidance pro­
gram was periodically required to service an external 
interrupt. To simulate this operation the actual program 
code was modified slightly. Only one word in the actual 
program has to be modified per interrupt handler. The
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modified line of code caused an interrupt service message 
to be printed. In actual operation, the interrupt ser­
vice routine would be reached via a vector interrupt 
mechanism. For purposes of simulation, the interrupt 
service routine was manually selected in response to the 
interrupt service message.

Six segments of the resulting trace were examined to 
determine the degree of potential parallelism that exists 
in this uniprocessor program (written as a sequential 
program without being organized for concurrent execution).

Similarly,a major segment of a 12K word multilevel real 
time Omega Navigation program, utilizing data received 
from four stations, was traced and analyzed. This seg­
ment is associated with acquiring, synchronizing and 
locking onto the omega transmission pattern. This is 
done by utilizing pattern matching cross correlation 
techniques to determine the starting time of the omega 
signal. The program segment traced requires 1.5 seconds 
of real time to perform this task. This program was 
also written for uniprocessor execution (without being 
organized for concurrent execution).

Finally, a IK word real time diagnostic program (also 
written for uniprocessor execution, without being or­
ganized for concurrent execution) was completely traced 
and analyzed.

Throughout this performance evaluation, a unit instruction
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execution time is adopted for purposes of comparison; 
the only exception is in the evaluation of the weighted 
web in Figure 3.4-8 where the multiplication time is three 
times that of the addition time.

Tables B-l through B-3 of Appendix B tabulate the nor­
malized execution time required for the real time Strap- 
down Guidance Program, Omega Navigation Program and Di­
agnostic Program, using several different number of PEs. 
The normalized execution time is normalized with respect 
to the uniprocessor execution time. Tables B-4 through 
B-6 of Appendix B tabulate the corresponding hardware 
utilization of each individual PE as well as the total 
hardware utilization for these three programs (when ex­
ecuted with these various number of PEs).

The resulting 25 sets of normalized, execution times, 
versus the number of PEs utilized, are averaged and pre­
sented in Table 3.10-1 to find the norm, i.e. the ex­
pected overall system performance. The results obtained 
are as expected, i.e. the overall execution time de­
creases as the number of PEs increases. Figure 3.10-1 
graphically compares these results with the ideal speed 
up. In Table 3.10-2 the average individual percentage 
PE utilization and overall hardware utilization, versus 
the number of PEs utilized, is tabulated. Hereto, the 
general trend of these results are as expected; the 
utilization factor decreases as the number of PEs in­
crease. Figure 3.10-2 graphically compares execution 
time and utilization of the average uniprocessor per­
formance vs the ideal performance.
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Table 3.10-1 
Average Normalized Execution Time 

versus the Number of PEs

Number Average Normalized
of PEs Execution Time

1 1.00
2 .65
3 .57
4 .49
5 .48
6 .42

Number

Table 3.10-2 
Average Percentage Utilization 

versus the Number of PEs

Average % Individual PE Utilization
of PEs 1 2 3 4 5 6 7 8

1 100 - - - - - - -
2 100 48.5 - - - - - . -
3 100 53 2 6.6 - - - - -
4 100 58.9 30.2 19 - - - -
5 100 49.3 30.1 18.3 14. 1 - - -
6 100 49.6 35.4 31.8 28.4 28.4 - -
7 100 37.5 31 25.5 40.5 18 6.5 -
8 100 42 32 21 5 5 5 5

Average 
% Total 

Utilization 
100 
74.4 
59.6 
52
42.3
45.4
33.5 
27
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Figure 3.10-16 Ideal Linear Speed Up
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Average Speed Up 
for Uniprocessor 
(Sequential) 
Programs2

1
21 3 4 5 6

Number of PEs
Linear speed up is the Ideal performance; it is difficult (if not impossible) 
to achieve due to the need for cooperation and the associated overhead.
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In Table B-7 the accumulator usage is tabulated for the 
three programs analyzed; Table 3.10-3 is the average of 
these programs. Utilization of AO is maximum; this is 
to be expected since this register performs three func­
tions; i.e. general register for interregister operations, 
memory reference register and relative addressing regis­
ter. Accumulator A 1 , like AO also performs three func­
tions; however, its utilization is lower than either A2 
or A3 (which perform only two functions, general resis­
tor for interregister operations and memory reference 
registers). The apparent explanation for this is: most
programmers of uniprocessor systems utilize specific 
resources for specific software functions; here AO was 
used extensively for relative addressing. Accumulators 
A2 and A3 were used more than A1 so that A1 could be 
kept available to resolve relative addressing bottle­
necks, should they occur. The remaining utilization 
factors are as expected. (The increasing usage of the 
higher order numbered accumulators is apparently due 
to a "safety" phenomena, i.e. keeping the working reg­
isters away from temporary storage registers.)

The significance of this data results from the high usage 
of AO through A3 and especially AO (and A1). From this 
data it can be concluded that the potential for concur­
rent processing would be increased if all registers were 
memory reference registers. Furthermore, one can con­
clude that the relative addressing mode utilized in 
these programs would inhibit dynamic scheduling of the 
SAMSON system.
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Table 3.10-3 
Average Percentage 
Accumulator Usage

Acc. No. 
AO 
1 
2
3
4
5
6
7
8
9
10 
11 
12
13
14 

A15

% Usage 
29
15.4 
18
19.4 
4 
2.1 
2.3 
1.9 
1
0.5
1.1
1.1

0.4
0.9
1.6
1.2
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It should be noted that the trace of the diagnostic pro­
gram revealed that it could be executed as 18 independent 
tasks on the SAMSON system. These 18 tasks would then be 
executed in 13.6% of the original execution time. Fur­
thermore, only eight (8»)PEs are required to obtain this 
speed improvement. Figure 3.10-3 illustrates both the 
635% speed improvement as well as the high hardware util­
ization obtained; seven of the eight PEs are utilized more 
than 90% of the time.

Table 3.10-4 lists the performance improvement obtained
with the SAMSON system for the web computations depicted
in Figures 3.4-1, 3.4-3, 3.4-4, 3.4-5, 3.4-7 and 3.4-8.
The mean improvement obtained for this restricted set of
web computations is a 121.4% speed improvement; the
average speed improvement is 110%. The maximum improve-

16 7ment was obtained for the web computations X and p (X) 
where the speed improvements were 275% and 280%, re­
spectively; these results assume no other computation 
is being performed. Figure 3.10-4 illustrates the speed 
improvement resulting from executing two computations 
concurrently. The speed improvement obtained is 580%.

Figure 3.10-5 is a comparison of five concurrent poly­
nomial computation schemes and indicates the improvement 
obtained with the web structure.
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Figure 3.10-3

Speed Improvement 
for Diagnostic Program

Sequential
Execution

Task Exec. Time
1 26
2 55
3 26
4 14
5 71
6 16
7 28
8 45
9 34
10 14
11 47
12 42
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14 28
15 41
16 27
17 33
18 95

Concurrent Execution

698-95Speed Improvement ■ -------■ 635“*

(Task (T) St Execution Time (E) given per PE)
PE1 PE2 PE3 PE4 PE5 PE6 » T PE8
T E T E T E T E T | E T | E T | E T 1 E
18 95 2 55 1 26 8 45 9 ! 34 10 I 14 5 i 71 7 j 28

3 26 14 28 11 47 13 i 56 12 j 42 6 I 16 16 ! 27
4 14 15 41 17 i 33

Total
Exec
Time:

95 95 95 92 90 89 87 55

Utilized:
ioo| 100 100 97 95 94 92 58
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Table 3.10-4 
SAMSON Performance Improvement 

(SAMSON vs. Uniprocessor)

Computation Performance Improvement

? a. 10°*
i=l1
X11 25%2
X3 —
X4 50%
X5 33%
X6 67%
X 7 100%
X8 33%
X9 100%
X10 125%
X11 150%
X12 175%
X13 200%
X14 225%
X15 250%
X16 275%
X18, X24 and X27 120%
P7 (X) 280%
P4 (X) w*« 3, cj+ = 1 120%
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4.0 COMMUNICATIONS FOR MULTIPROCESSORS

4.1 INTRODUCTION
The interconnection of processing elements and memory 
units is an essential component of a multiprocessor 
system. However, the knowledge of how to efficiently 
interconnect such elements is still rudimentary [4.1].

In a conventional multiprocessor system, the efficiency 
of the system depends essentially on the efficiency of 
the communications between processing elements and 
memory units as well as the efficiency of intercommunica­
tion among the other system resources. In every case, 
communications between any of these units takes precious 
time. Hence, an efficient conventional multiprocessor 
architecture requires an interconnection technique which 
accomplishes this data transfer via a rapid communication 
mechanism. This communication can be managed in either 
firmware or hardware and either locally or globally [4.2] , 
[4.3]; however, it must be performed at high speed 
while being both feasible, with today's technology, and 
economically practical [4.4] - [4.6].

The interconnection mechanism utilized in Input/Output 
communications must be performed at high data rates also. 
Furthermore, physically distributed processing systems 
such as those which might be used in real time computing 
application on board aircraft and spacecraft (which are 
distributed in order to provide fault tolerance in the 
event of explosions, lightning strikes, etc.) require 
communication at relatively high data rates.
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Various approaches are possible for the intercommunications 
in a multiprocessor system, including communications via: 
internal buses, input/output buses, DMA channels, as 
well as various permutation networks. However, the 
performance of the multiprocessor will suffer significantly 
from an improper choice of the communication mechanism; 
the causes of this reduced efficiency may be:

o data strangling on the buses and/or channels;
° excessive delays due to switching and transfer 

times.

Thus, it is essential that the selection of the 
communication technique utilized by the multiprocessor 
system be based upon the relative performance of each 
of these approaches; rather than some ad hoc arbitrary 
selection.

In addition to the requirement for rapid communications, 
the interconnection network must provide sufficient 
communication between cooperating resources to enable 
data to be shared by all resources requiring this data.
In the classical multiprocessor environment [4.7] a 
number of processors are connected by a switching system 
to the primary memory; however, the performance of such 
systems can be degraded by contention for both the 
switching paths and the memory units [4.8] as well as 
by the delays associated with the switching elements.

In this section, the performance achievable with various 
switching methods are studied and upper bounds on their
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performance are analytically established. These results 
are compared in order to determine the interconnection 
network best suited for the real time multiprocessing 
I/O subsystem of the SAMSON system. Particular attention 
is paid to the real time requirements of these inter­
connection networks.

"Currently, one of the most active areas in computer 
architecture is the interconnection of computers to 
form systems...A discouraging aspect of this activity, 
however, is the almost total lack of published informa­
tion describing the rationale for various designs, or 
comparing results achieved by various approaches" [4.9] . 
In every multiprocessor system and especially conventional 
multiprocessors, the interconnection network is a critical 
component [4.10].

4.2 MULTIPROCESSOR MODEL
The principle aim in the design of a real time multi­
processor system is to increase the processing speed 
achievable by the computing system. In the following 
paragraphs, we will develop a general model of the 
processor-processor, processor-memory and memory-memory 
communications network utilizing the maximum throughput 
(T) attainable by the communications network as a measure 
of its performance. To facilitate this discussion our 
attention will be focused on, but not restricted to, 
processor-memory interconnections; these results can be, 
and are, applied directly to other interconnection 
networks.
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The general structure being studied is the processor- 
memory interconnection network shown in Figure 4.2-1.
The number of processing elements (PEs) is denoted by n 
and the number of memory units (MUs) is denoted by m.
This multiprocessor system is referred to as an n x m 
system.

An ideal interconnection network provides the capability 
for maximum concurrent communications; i.e., all PEs 
can access different MUs simultaneously. The inter­
connection network provides the data paths such that each 
and every one of the n PEs can reliably £4.111] communicate 
with each and every one of the m MUs instantaneously.
This ideal interconnection network is conflict-free due 
to the connecting network (although conflicts may still 
exist between PEs for access to a particular MU). Hence, 
in the ideal interconnection network a data path from 
PE(i) to MU(j) does not interfere with the connection 
of PE(k) to MU(1), provided i^k and j^l; furthermore, 
these connections are established in zero time.

4.2.1 Modeling Considerations
The problem of modeling the performance of the inter­
connection network of a multiprocessor system is a complex 
one due to the large number of parameters that affect and 
characterize the behavior of such systems. These 
parameters include: the instruction mix, the access
patterns (of the individual PEs to the MUs and the 
locations within the MUs accessed), access time, cycle 
time, processing time and execution time to name but 
a few. Furthermore, the processing time and the execution
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time are different for different instructions. Likewise, 
the instruction mix will differ for different applications 
resulting in different weighting factors for both the 
processing and execution times.

4.2.2 Modeling Assumptions
Figure 4.2-2 illustrates the timing associated with a 
typical instruction. It should be noted that the operand 
address generation time and the operand fetch and restore 
times may be non-existent as a function of instruction 
type. Furthermore, the instruction execution time may 
be less than, equal to or greater than the operand 
restore time as a function of both the instruction type 
and memory system utilized.

Due to the complexity of this problem, the exact 
detailed behavior of the communications within a multi­
processor system is extremely difficult to model.
This will be demonstrated by briefly considering two 
of the parameters that affect the behavior of multi­
processor systems.

Instruction Mix: Instructions can be characterized by
their relative frequency of occurrence in a program 
since the processor behavior varies for different 
instructions. The processor behavior varies since the 
processing time of an instruction differs from instruction 
type to instruction type.

Access Patterns: The access pattern, which is the trace
of the memory units and memory locations accessed, 
likewise affects the multiprocessor performance since
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FIGURE 4.2-2 TYPICAL INSTRUCTION
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the MUs may be busy or ready when a request is generated 
by a PE and MUs may have quite different cycle times, 
access times and restore times.

Due to the complex timing relationship that exists 
between instruction timing and memory timing, the concept 
of the unit instruction J4 . If) , £4 .12] is introduced.
Figure 4.2-3 illustrates a unit instruction.

Definition 4.1: A unit instruction consists of a
single memory access followed by the processing 
time of the PE and the restore time of the MU.

The processing and restore times are overlapped (occurring 
simultaneously). In the unit instruction model, an 
operand fetch is simply considered as the occurrence of 
another unit instruction.

Hence, differences in instructions are not explicitly 
modeled. Processor behavior is modeled as a sequence 
of memory requests followed by the PE processing interval. 
At this level of modeling no distinction is made between 
the processing associated with instruction decoding 
and instruction execution. Here, the processing time 
characterizing the PE is the aggregate behavior of the 
real PE; hence, no compromising restrictions are placed 
on this model. In this model serial correlation between 
successive memory accesses will be ignored. This is 
not a serious assumption since data and instruction 
references are intermingled and are treated as separate 
"unit instructions". The effect of I/O activity is not
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modeled explicitly since Strecker U . i g  has shown that 
if the rate of the I/O request is RIO, then a fraction
RIO/m of the memory access rate (of one MU) can be apportioned 
to I/O. (Here m is the number of MUs in the system.)
Finally, no distinction is made in this model between
read and write operations. This assumption places
minimal restrictions on the model since these parameters
are generally equal time intervals with today's computer
technology.

4.2.3 Unit Instruction Model
The unit instruction consists of a single memory
cycle followed by the processing interval. The behavior 
of the various interconnection networks for the multi­
processor system considered in this work will utilize 
this unit instruction model to evaluate the relative 
performance of these interconnection networks.

The behavior of the multiprocessor system during the 
execution of the unit instruction as well as the notation 
utilized throughout this section is described below:

1. The PE generates a memory address and transmits it 
to the MU (this interval is part of the processing 
time, tp );

2. The memory address propagates through the inter­
connection network eventually reaching the appropriate 
(that is, the correct) MU, where tSp = switching 
network element propagation time (from the PE to the 
MU);

3. The MU then accesses the correct location, 
where tac = memory access time;
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4. The accessed data propagates back from the MU through
the switching network to the PE, where tSm = switching
network element propagation time (from the MU to the
PE);

5. Finally, the PE processes this data before generating
any additional memory requests,
where tp = processing time (including address 
generation).

It should be noted that ts , in general, is equal tor
tSm since the network is a symmetrical communication 
network. Hence, we will use the notation ts to denote 
the switching network element propagation delay 
(see below).

Therefore, for a single processor of the multiprocessor 
system, the time per unit instruction, tj, is:

tI = tsp + tac + tsm + tP
for ts = tSP sm

tl * 2ts + tac +

and the throughput of the multiprocessor system, TMg, 
consisting of n processors is:

T,„o = n
2tc + ta + t~' s ac p

It should be noted that for a uniprocessor system, 
where tg = 0 and n = 1 , tj = tac + tp
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and the throughput of the uniprocessor system, Tus, is

A thorough discussion of throughput considerations is 
presented later in Section 4.6.

In the case of processor to processor communications an 
interval, tpPc (the communication interval), equivalent 
to the unit instruction time exists. The components of 
this interval are identical to those of tj where tac is 
interpreted as the data access time required within the 
responding PE and where tp is the processing time within 
the requesting PE. Similar analogies exist for the memory 
to memory communications interval, t^i^. Hence,

*1 = 2ts + tac + V
tpPc = ^ *"S + *-ac + -̂p» and
^MMC = 2tg + tac + tp.

4.3 REQUIREMENTS OF THE INTERCONNECTION NETWORK
The interconnection network must provide the capability 
for maximum concurrent communications with minimal 
interconnection delays and it must be such that it can 
be readily controlled by the resources requesting data 
via this network. In addition, the interconnection 
network must be able to resolve any conflicts which 
arise due to particular access patterns.

The interconnection network must provide the necessary 
data paths such that each and any of n' of the n PEs
can communicate with each and any of m' of the m MUs in
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an interval tg . In the selection of an interconnection 
network, n' and m' should be maximized; i.e., n' approaches 
n and m' approaches m, while t_ should be minimized.
In addition, the commands to the switching network should 
be in the form of memory bank numbers (or processor 
numbers) which should be a part of the address information 
produced by the requesting resource. Furthermore, 
since the memory (or processor) request patterns 
generated by the requesting resources are, in general, 
such that one or more conflicts may occur (e.g., more 
than one processor requesting service from the same 
memory), the switching network must be able to resolve 
such conflicts [4.1*} . Alternatively, the switching 
network could provide the resource being requested 
sufficient information, regarding the multiple requests 
being received, so that the shared resource could 
itself resolve the conflict.

4.4 NETWORK CHARACTERISTICS
The basic interconnection (or transformational) paths 
required by a parallel processing system can, in general, 
be classified as:

° One-to-One Type Interconnection paths, and/or 
° Global (One-to-Many Type) Interconnection paths.

Subclassifications within the One-to-One Type class include:

° Arbitrary Pair-wise,
° Linear Skewing (also referred to as Linear Shift,

Shift or Skew Network), and 
° Perfect Shuffle
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while subclassifications within the Global class include:

° Neighborhood, 
o Column Broadcasting, and 
o Row Broadcasting.

It should be noted that the memory request patterns are 
not, in general, any of the orderly permutation patterns 
or geometric patterns. Therefore, permutation and 
geometric networks are of limited use for general purpose 
computations. Even in those applications where orderly 
permutations or geometric patterns are frequent occurrences, 
memory conflicts occur and corrupt the request patterns. 
Furthermore, the overhead penalty associated with control 
of parallel processors implemented with such networks 
is frequently excessive. Hence, such networks are of 
limited use. However, they can be of significant benefit 
in specific applications; in such special purpose 
applications they can be very efficient. In general, 
however, this is not the case. Even in applications 
where the majority of the computations benefit from such 
networks, the general overhead computations and control 
algorithms may suffer so dramatically that the penalties 
incurred exceed the benefits obtained from such networks. 
Consequently, some of the highly specialized networks 
within these subclasses are not considered here.

4.4.1 Notation
The PEs and MUs are considered as either the set of 
inputs, I, or the set of outputs, 0, of a processor- 
memory interconnection network. In a processor-processor 
interconnection network, the PEs are considered to be
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both the input and outputs; whereas, in a memory-memory 
interconnection network, the MUs are both the inputs 
and outputs.

During processor requests in a processor-memory inter­
connection network, the PEs are the inputs while the MUs 
are the outputs. (During the response to this request, 
the MUs can be considered the inputs and the PEs the 
outputs.)

In this regard, i is an input element of the input set 
I, and j is an output element of the output set 0; i.e.,

iel and jeO

Here, the collection of PEs and MUs are the I and 0 sets 
(or 0 and I sets), respectively, with each i or j being 
a particular PE (or MU) or MU (or PE).

4.4.2 General Characteristics of One-To-One Type Interconnection
Networks
The general characteristics of arbitrary pairwise 
networks, linear skewing networks and the perfect shuffle 
network are presented here to introduce the reader to 
the concept of One-to-One Type Interconnection Networks 
as well as potential applications of these networks.

4.4.2.1 Arbitrary Pairwise Interconnections
An arbitrary pairwise interconnection can be represented 
by:

Oj=f(Ii) for any i and any j 
where i=l,2 ...,k j=l,2 ...,l
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i.e., there are k elements of I and 1 elements of 0 and 
any pair can be connected via the interconnection network 
f .

The arbitrary pairwise interconnection network permits 
an arbitrary input i to be connected to any arbitrary 
output j in any pairwise (ij) manner, one at a time.

Applications of this arbitrary pairwise interconnection 
network include MIMD multiprocessors.

4.4.2.2 Linear Skewing Networks
Linear Skewing Networks, also referred to as Linear Shift, 
Shift or Skew Network, can be represented by:

0j+s - *<Ii>
where s denotes the number of shifts 
(s>l and j+s is module k)

Applications of this type of interconnection network 
have classically been associated with matrix operations 
(i.e., matrix addition and subtraction) |_4.15j. Consider 
the matrix A shown below, where a^j are the elements of 
A,

all a12 a13 a14
a21 a22 a23 a24
a31 a32 a33 a34
a41 a42 a43 a44
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which is to be stored in m MUs for processing by a 
parallel processing system. If the elements ajj are 
stored in (or fetched from) the corresponding MUj in 
the normal matrix format, then one entire row can be 
accessed simultaneously; however, one column requires 
i sequential accesses. Obviously, ajj can be operated 
on in transposed form; however, this would facilitate 
column operations at the expense of row operations. 
Storage in a linear skewed form, shown in Figure 4.4-1,

all a12 a13 a14
a24 a21 a22 a23
a33 a34 a31 a32
a42 a43 a44 a41

MU-l mu2 mu3 mu4

FIGURE 4.4-1 LINEAR SKEWED MATRIX ELEMENT STORAGE

permits simultaneous access to any entire row or any 
entire column, simultaneously. However, a skewing 
interconnection capability is required for both fetch 
and store operations to establish and maintain this 
linear skew storage (i.e., perform the necessary 
scrambling and unscrambling of the data elements)
[4.16], [>.17].
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4.4.2.3 Perfect Shuffle
The perfect shuffle ^4.1ST can be represented in the 
following manner (i=l,2 k and j=l,2 ,...,l)

Oj = 1 di)
I?where j=2i for 0<_i<£ -1

where j=2i+l-k for k <i<k-l
2 ---

This network, shown pictorially in Figure 4.4-2 can be 
described as a transformation network which performs a 
right rotate of the input element numbers (assuming 
the element numbers are represented as binary numbers).
Similarly, the output to input transformation can be 

represented by a left shift.

The most important application of this network is in the 
parallel processing computation of the Fast Fourier 
Transform (FFT).

4.4.3 General Characteristics of One-To-Many Type Interconnection 
Networks
One-to-Many type interconnection networks are global in 
nature. They are most useful whenever data or instruc­
tions must be broadcasted to or shared by more than one 
resource; as in the case of some web structures, parsing 
and scheduling in general computational programs, and in 
the control of SIMD multiprocessors.

4.4.3.1 Neighborhood Interconnections
Various neighborhood interconnections can be created 
including: 4 way neighborhood communications, 8 way
neighborhood communications, 10 way neighborhood
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FIGURE 4.4-2 (A) PERFECT SHUFFLE OF 8 ELEMENTS
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communication, etc. Figure 4.4-3 depicts 4 way,
8 way and 10 way neighborhood interconnection networks.

These neighborhood interconnection networks can be 
represented by:

4 way : 0jX * f d ik)
where jl * (i )(k+1),(i)(k-1 ),

(i+l)(k),(i-l)(k)

8 way : Oji * f( Ijk)
where jl = (i)(k+l),(i)(k-l),

(i+l)(k),(i-l)(k),
(i+1)(k-1),(i+1)(k+1 ),
(i-l)(k-l),(i-1)(k+1 )

f(Ijkn )
jlm = (i)(k+l)(n),(i)(k-l)(n), 

(i+l)(k)(n),(i-l)(k)(n), 
(i+l)(k-l)(n),(i+1)(k+1 )(n), 
(i-l)(k-l)(n),(i-l)(k+l)(n), 
(i)(j)(n+l),(i)(j)(n-l)

The four way neighborhood interconnection network is by 
far the most popular of these networks. It is useful 
for the solution of Laplace equations.

4.4.3.2 Row/Column Broadcasting
These networks can be represented by:

0j " fd i >
where j=i,i+1 ,...,i+k

10 way : Ojlm =
where
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FIGURE 4.4 •3: MULTIWAY NEIGHBORHOOD INTERCONNECTION NETWORKS
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Typical applications of this type network would be for 
matrix multiplication where row and/or column operations 
are common place.

4.5 PROGRAMMABLE CONNECTIVE NETWORK DESCRIPTIONS
In this section, the programmable interconnection 
networks analyzed in this work are described in detail. 
These networks are the crossbar switch, various binary
switches, time shared buses and packet switching (also
referred to as time-slot or loop) networks.

4.5.1 Crossbar Switch
The programmable crossbar switch, shown in Figure 4.5-1 
has the advantage of being able to make any arbitrary 
connection. The major disadvantage of this network is 
that it requires a relatively large amount of hardware.

This switching network can make any arbitrary connection 
in a minimal connecting interval (e.g., connection 
time interval, tc ). It is a relatively simple structure 
(in both its relay and integrated circuit, IC, form), 
easily constructed and simply controlled. Furthermore, 
considerable information regarding these structures are 
available due to the extensive studies already 
performed by such organizations as Bell Laboratories
and others £l.l9] - [4*21] . In addition to the above
features, the crossbar switch can also perform One-to- 
Many type interconnections, as indicated by Figure 4.5-2.
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FIGURE 4.5-1 CROSSBAR SWITCH
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For an n x m bidirectional crossbar network, the number 
of gates required is:

2 nm 2 input gates, plus
m n input gates, plus
n m input gates

and can interconnect the input and outputs in tgi+tg2 > 
where tg ^ and tg2 are the propagation delay times of 
the 2 input and n or m input gates, respectively.

It should be noted that the crossbar switch provides 
sufficient concurrent interconnection paths so that all 
processors can access different memories simultaneously 
without any interference.

4.5.2 Binary Switches
Four binary switches are considered here; they are the 
Barrel Shifter, the ^-network, the Flip-network, and 
Rearrangeable Switching Networks.

4.5.2.1 Barrel Shifter
The Barrel Shifter network allows any and all linear 
shift operations to be performed, where any linear shift 
of the inputs can be performed simultaneously on all inputs. 
Figure 4.5-3 is a 4x4 Barrel Shifter. The Barrel Shifter 
is composed of binary switch elements at each stage 
of the network; the binary switching element has two 
inputs and two outputs (except possibly the initial 
stage which requires only a single input). At each 
stage (column) of the Barrel Shifter, the inputs are 
from the same row (r) and the row immediately adjacent



(r-1). The Barrel Shifter network of Figure 4.5-3 utilizes 
the adjacent row immediately above the present row ; 
alternately the row immediately below (r+1) the present 
row can be utilized to generate a similar network.
In the network depicted, the bottom row of the network 
is considered to be immediately above the top row. The 
2N outputs of the final stages are connected as shown 
to produce an n x n interconnection network.

This network requires loggn stages with n binary 
switching elements per stage. Thus, a total of n log2 n 
switching elements are required. Hence, a bidirectional 
network would require 2n loggn switching elements. It 
should be noted that the binary switching element can be 
implemented with a 2x2 programmable crossbar switch.

4.5.2.2 Omega Network
An 8x8 ft-Network using 2x2 switching elements is shown 
in Figure 4.5-4. Higher order switching elements can be 
utilized; however, the interstage communications as well 
as the path-finding algorithms become much more complex.

The ft network, using 2x2 switching elements, normally 
utilizes switching elements which allow only the 
states of the barrel shifter switching element to exist. 
However, this causes blocking (or interference) and 
path-finding problems. Here and in Lawrie [4.223 we 
have independently developed the Improved Omega Network 
which somewhat overcomes this problem by allowing the 
straight, interchange and both broadcast states to also 
exist within the switching element.
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FIGURE 4.5-3 (A) 4x4 BARREL SHIFTER(B) ALLOWED STATES OF SWITCHING ELEMENT

142



FIGURE 4.5-4
(A) AN 8x8 OMEGA NETWORK
(B) ALLOWED STATES OF SWITCHING ELEMENT
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The basic ^-network is based on the operation of a 
perfect shuffle; it is capable of performing most of 
the "data" connections required by an array processor. 
However, this network cannot do any arbitrary permutation 
interconnection.

For the basic network, either input (but not both 
simultaneously) can be connected to either output (but 
not simultaneously). Thus, arbitration C4.9] must 
be provided when two input lines request the same output 
line. Ignoring such conflicts for now, it is obvious 
that the state of the stages can be controlled by the 
output element number, where the element number is 
represented in binary form (bjbg.-.bjj). The stage output 
of stage i is connected to the lower input if or
to the upper input if bi»0 .

It is clear that with this network the number of per­
missible simultaneous connections are restricted. 
Interference can occur in several ways; i.e., two inputs 
that are applied to the same first stage switching element 
are contending for the same path through that stage. 
Whichever input receives the single data path (through 
that switching element)is interferring with the other 
input's interconnection path. Similarly, conflicting 
connective requirements can cause interference at every 
stage of the network; i.e., connection Ig to O 7 and I4
to 0 3 interferes with I3 or I7 from reaching: 0g due to
second and third stage interference, 04 and 05 due to 
second stage interference and 02 due to third stage 
interference.
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Improving the switching element characteristics,so that 
the allowable states are those shown in Figure 4.5-4b, 
eliminates most of the interference; here all inter­
ference except the one to Og are eliminated. However, 
the extremely simple control algorithm described above 
must be replaced with one which is more complex.

The bidirectional nxn omega network consists of 2 log2n 
identical stages with n/2 switching elements per 
stage.

Other switching networks based on the well known 
properties of the perfect shuffle 0.18], 04.23] , (4.24J 
have been developed by Benes 04.25] and Batcher ^4.26]. 
The unidirectional omega network requires only log2n 
stages; this is one of the differences between this 
network and either Benes' or Batcher's. Benes' 
rearrangeable network requires (21og2n)-l stages.
This network has the same capability as a crossbar but 
only n log2n gates (for an nxn network). The time to 
pass thru this network is on the order of log2n which 
is similar to that of the crossbar; unfortunately, this 
network is extremely difficult to set up in order 
to do any particular alignment. The Batcher sorting 
network requires log2n(log n+l)/2 stages. The logic 
of the switching element used in each of these networks 
is also somewhat different, but the complexity of the 
switching element is approximately the same as that 
required here.
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4.5.2.3 Flip-Network

An n-Item Flip Network, where n=8 is shown in 
Figure 4.5-5. In Figure 4.5-5a the switching 
elements at each stage are different while the 
switching elements of Figure 4.5-5b are all 
identical.

An N bit (N^oggn) flip control specifies one of 
the n possible flip permutations while the shift 
controls specify one of the (N2 + N + 2) /2 
shift operations (3-27]. This network which was 
developed for the STARAN Processor [4.28] requires 
only one pass through the network for some data 
manipulations. Some data manipulations, however, 
require multiple passes (log2n passes for n items 
while others require n passes for n items).

The n-Item Flip network has log2n identical stages 
when implemented as in Figure 4.5-5b. This is the 
same number of stages required by the Omega network; 
this however is not unexpected since the Flip 
network in this form is an Omega network with its 
input relabeled (shuffled), such as:

Omega Flip
Io Io
14 11
11 12
15 13
12 14
16 15
13 16
17 17
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FIGURE 4.5-5
8-ITEM FLIP NETWORKS
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4.5.2.4 Rearrangeable Switching Networks

The best known algorithm for setting up a particular 
alignment is a Rearrangeable Switching Network, RSN,
which is due to Opferman and Tsau-Wu (4.20.

Unfortunately, this network requires on the order of 
nlog2n time units to accomplish this interconnection. 
Comparing this with the crossbar switch which requires 
on the order of loggn time units to accomplish an 
interconnection,one must question the value of these 
RSNs for this application (in lieu of a speed 
penalty of a factor of n). Indeed, they are too 
slow to be practical in these high speed applications. 
(The Benes rearrangeable network discussed in 
Section 4.5.2.2, is an example of an RSN.) These 
networks are briefly described in this section for the 
purpose of completeness.

An nxn network, where n=dq such that d and q are 
integer factors of n, can be decomposed into an 
input and output stage each having n/d dxd networks, 
and a middle stage having d n/d x n/d networks as shown 
in Figure 4.5-6. The base-2 structure yields the 
most efficient network, when measured by the number of 
two-state switching elements required. In addition, 
the base-2 structure is relatively simple, consisting 
of 2x2 input and output stages (n-1 input stages 
and n-1 output stages). The middle stages are
either -g X ^ or they can be further decomposed £4.30] 
by means of an iterative process. If a base-2
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structure is carried throughout the network, 
then n |_log2nJ - 2 ^ ° e2nJ+l, 2 x 2 , switching 
elements are required.

Minimum hardware is required when d is small; 
however, minimum propagation delay, which is 
proportional to the number of stages (2 log^ N-1) 
occurs when d is large.

4.5.3 Time Shared Bus Interconnections

The time shared bus structure is quite common in 
uniprocessor computer application since it provides 
an economical and efficient [4.31] solution to the 
processor-memory and processor - I/O interface 
switching problem. However, as is frequently the 
case, this economical solution has a significant 
limitation associated with it; namely, the concurrency 
capability of this network is almost non-existent.
This limitation is not significant in uniprocessor 
applications; however, it can be a significant 
shortcoming if improperly applied in a multiprocessor 
system.

In Figure 4.5-7 the lack of concurrent communications 
in a time shared bus structure is readily seen. One 
processor utilizes the address bus for one complete 
cycle when sending a request to a memory unit; likewise, 
the data bus (either the memory input bus for write 
operations or the memory output bus for read operations) 
is utilized for a complete cycle during the data phase.
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FIGURE 4.5-7 
TIME-SHARED BUS INTERCONNECTIONS
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Both operations interfere with all other units 
using these buses during these intervals.

In Figure 4.5-7a, when the memory has completed 
its address acquisition phase it requires a complete 
additional cycle (TD ) to provide this data to the 
appropriate processor. During this Tp cycle, 
another (or the same) processor can utilize the 
address bus to provide a new request (to another memory 
unit). If a write operation was being performed by 
the first processor, it would interfere with the second 
processor's operation. The first processor should 
retain the bus so that it can provide the data to 
the memory unit, allowing this memory unit to complete 
its write cycle. In the case of a memory unit 
requiring an additional cycle before it is ready for 
the write data, the contention problem is simply 
delayed one cycle; the contention for the bus, 
however, still exists.

Consider the case where the cycle and access times 
of the memory units are not equal. If we allow a 
second read request prior to the first read data 
being returned, then the data from the second request 
could be returned prior to the data from the first 
request. In this case the processors must either know 
a priori which memory will respond at what times for all 
memory unit access patterns (and this may vary within a 
memory unit) or the data must be returned with 
additional information appended to it, which 
identifies which "data" it is or which processor 
the data is for.
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In any event, it should be clear that the ability 
of this type network to perform concurrent 
operations is non-existent or at least almost 
non-existent.

4.5.4 Packet Switching (Time Slot, Loop) Network

A packet switching, also referred to as a time-slot 
or a loop [4.32], [4.33] network is depicted in 
Figure 4.5-8. In this network, each processor request, 
processor response, memory request and memory 
response is considered to be a packet of information 
on a packet switched time slotted loop. The loop is 
divided into time slots, each either containing a 
packet of information or an empty time slot. The 
slots are shifted once around the loop during the 
loop cycle. The loop cycle time interval is equal 
to 2N slot time intervals.

In this type of network the data flowing on the 
loop must be tagged if the memory cycle time exceeds 
the slot time. This is necessary so that memory 
data, for example, can be associated with the 
address accessed and the processor requesting this 
data. If this tagging is not done, then the 
slot time must be lengthened so that it is compatible 
with the longest memory cycle time (assuming 
different cycle time memory units exist within the 
system). Obviously, lengthening the slot time interval 
is most undesirable since this is extremely inefficient 
with respect to utilization of available real time; 
maximum real time utilization is the main reason for 
a multiprocessor system.
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FIGURE 4.5-8 
PACKET SWITCHING, TIME-SLOT OR LOOP NETWORK
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4.6 NETWORK PERFORMANCE EVALUATIONS

In this section, we are concerned in particular 
with the performance achievable by the various 
programmable connective networks described in 
Section 4.5.

These connective networks provide the means for 
simultaneously connecting various resources of the 
multiprocessor system. Such capability has special 
significance in the multiprocessor system. These 
connective networks are extremely important, since 
resources have to be dynamically allocated and 
regrouped according to the state of these resources 
and since the particular needs of the system varies as 
the execution of those tasks currently being 
performed, proceed through the multiprocessor system.

In a multiprocessor system, it is important to note 
that there is, in general, no a priori distinction 
between inputs and outputs of the network; i.e. 
all terminals of the network are functionally 
equivalent.

4.6.1 Performance Measurement Parameter

One of the most important performance measurement 
parameters [4.343 of a real time processing system 
is its throughput rate. Throughput is defined as 
the number of outputs (which in this case is the number 
of instructions processed) per period of time. The 
throughput parameter directly reflects the processing 
power of a processor system. The higher the throughput 
rate, the more powerful the processing system.

155



Generally, a typical instruction mix or a 
bench mark program is utilized to determine the 
throughput of a processor. This is necessary 
since the execution time of an instruction 
differs from instruction type to instruction 
type. Computing the throughput using a typical 
instruction mix or benchmark is a simplified 
approach for accounting for the probability 
distribution of the instruction execution times. 
Effectively, throughput is the inverse of the 
average instruction execution time.

Utilizing the concept of the unit instruction 
eliminates the need for determining a typical 
instruction mix or an appropriate bench mark 
program. The throughput, in the case of the unit 
instruction model, is simply the inverse of the 
unit instruction time, tj.

4.6.2 Crossbar Performance

The time per unit instruction for a multiprocessor 
system utilizing the crossbar switching network is:

*1 - 2ts ♦ ‘ac + *p
The factor 2t results from the fact that data must s
pass through the interconnection network twice.
One piece of data is from the requesting resource 
and the other is from either the requesting or 
responding resource; i.e., address and data.
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The throughput, T^g, of a multiprocessor 
system having n PEs and n MUs connected via 
a crosbar is:

Twg s _______n_____
C 2ts + tac + tp

4.6.3 Binary Switch Performance

The Barrel Shifter, the Omega-Network and the n-Item 
Flip Network all have log2n stages. Thus, the time 
per unit instruction for a multiprocessor system 
utilizing any of these networks is:

tj a 2 (log2n) ts + tac + tp

and the throughput (TM„ ) of these binary
BN

switching network multiprocessors is

TMSb[{ ■ TMSb s  “ TMSn * TMSf

_  n_____________
2(log2n ) ts + tac + tp

The rearrangeable switching networks described in 
Section 4.5.3.4 have d stages. Therefore

tj * 2 d ts + tac + tp

and
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m  s  U_

MS RSNd ~ 2d ts + tac + tP

Tm q is maximized when d is minimized; for the
MS RSNd

minimum value of d, which is d=2

_______n____________
= 4ts + tac + tp

RSN 2

4.6.4 Time Shared Bus Performance

The average bus delay per unit instruction is
where tB(, is the bus cycle time; this assumes that the
bus is not saturated. The worst case bus delay per unit 
instruction, assuming a non-saturated bus, is , 
obviously, tg^. If the number of processors, n, exceeds 
the number of bus cycle subintervals, c*, 
then bus saturation can occur and the bus 
structure becomes the system bottleneck. This 
situation arises when one PE is ready to utilize the 
bus and another PE is still utilizing the bus.

The bus cycle subinterval, tc^- is equal to tgc/ci' 
Therefore, the bus saturates when t gc < n (tc^).
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Since ts = t c ^  the time per unit instruction 
is:

tj = 2 tCĵ  + tac + tp 

and the throughput is:

^MSmg     for n < ci ,
2tc^ + tac + tp

If n is greater than ci then the (average) 
throughput is the inverse of the (average) 
internal between allowable accesses onto the 
bus; this corresponds to bus saturation.

4.6.5 Packet Switching Performance

In the packet switched (time-slot, loop) network 
each unit instruction must transverse the entire loop, 
e.g., pass through each and every inner loop switch. 
With n PEs and n MUs, there are 2n inner loop 
switching elements. Hence, the time per unit 
instruction is

tj * 4 nts + tac + tp

and the throughput is:

T,MSp
4nts + tac + tp
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4.7 PERFORMANCE EVALUATION AND CONCLUSIONS
The upper bounds on the throughput for each of the various 
interconnection networks (with conflict free request 
patterns) were compared utilizing the following four sets 
of values of ts (switching network element propagation 
time), tac (access time) and tp (processing time):

Set 1 Set 2 Set 3 Set 4
ts 10 nsec 10 nsec 20 nsec 30 nsec
tac 130 nsec 160 nsec 450 nsec 500 nsec
tp 130 nsec 90 nsec 350 nsec 400 nsec

The comparative graphs of the normalized throughput 
(Tn ) vs the number of processors or memories (n), for 
data sets 1 through 4 are given in Figures 4.7-1 through 
4.7-4. (All of these curves are normalized with 
respect to the throughput of a uniprocessor where ts=0 
and n=l.)

Table 4.7-1 shows the relative performance of each of 
these networks when normalized with respect to the 
ideal interconnection network.

Each of these networks exhibits a different performance 
dependency on n (where n is the number of processors 
and/or memories). Like the ideal network, the performance 
of the Crossbar and the Rearrangeable Switching Network2 
are linearly related to n. The Bus structure is also 
linear until bandwidth limiting (saturation). The Binary 
Switches on the other hand are proportional to n/log2n 
while the Packet Switched Network asymptotically 
approaches a constant (low performance) value.
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TABLE 4.7-1
RELATIVE PERFORMANCE OF I INTERCONNECT I ON NETWORKS

tg (nsec) 10 10 20 30

tac(nsec) 130 160 450 500
tp(nsec) 130 90 350 400

ts/tac+tP .040 .038 .025 .033
CROSSBAR 92.9% 92.6% 95.2% 93.8%
r s n 2 86. 7% 86.2% 90.9% 00 00 to

BINARY 69.9% 69.1% 78.2% 72. 9%
BUS 92.9% 92.6% 95.2% 93.8%
BUS (SAT) 54.2% 52.1% 83.3% 62. 5%
PACKET 11.9% 11.5% 17.2% 13.5%
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The analysis of the behavior of the time shared bus 
reveals that there is little degradation in performance 
as compared to the ideal network (and no degradation in 
performance as compared to the crossbar) below bandwidth 
limiting, provided the ratio of ts to tac+tp is small.
These results agree with those obtained by Danielsson 
and Gudmundsson (4 . 3£0 .

The crossbar is shown to approach the throughput performance 
of the ideal interconnection better than all other type 
networks. It is extremely interesting to note how poorly 
the packet switched network performed in comparison to 
the other configurations analyzed. Furthermore, the 
throughput performance of the Bus structure indicated 
that it was ideally suited for moderate size systems 
(and some large subsystems) where the effects of 
saturation would not limit its performance. Below 
the saturation level, this network's throughput performance 
equals that of the crossbar (surpassing all others).
Since this configuration utilizes a minimal amount of 
hardware, it is ideally suited for I/O subsystem 
communications (provided fault tolerant characteristics 
are not a significant factor in the selection of the 
communication media).

It should be noted, despite the relatively high 
throughput performance of the crossbar, it is doubtful 
whether, with today's technology, it is economically 
practical (from a hardware viewpoint) to utilize a 
crossbar network rather than dedicated independent, 
isolated communication lines.
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At this time, the time shared bus or dedicated, independent 
communications (providing such side benefits as fault 
tolerant communications) are more advantageous. However, 
as the technology continues to evolve the pendulum 
may swing in the direction of the time shared bus and 
the crossbar, especially in aerospace applications where 
the weight of the wiring used in dedicated communications 
is a critical factor.

From the results presented here only the crossbar and 
time-shared bus structure consistently approach 90% of 
the throughput of the ideal network. Since throughput 
performance improvement is the major goal of a 
multiprocessor, out of those interconnection networks 
analyzed, only the crossbar and time multiplexed bus 
(and of course dedicated, independent communciation 
lines) provide adequate throughput capacity so that 
bottlenecking and pathfinding do not become major 
multiprocessor drawbacks.
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5.0 FAULT TOLERANCE OF THE SAMSON PROCESSOR
The highly modular PE structure of the SAMSON network 
facilitates the inclusion of fault-tolerant capabilities; 
these features can be provided in SAMSON at the module 
level. Error detection and recovery is provided in the 
SAMSON network through such features as redundant computa­
tions, reasonableness checks, task monitoring, and self­
test software to name but a few.

Furthermore, the highly parallel structure of SAMSON 
(including the multiple processors, multiple memories and 
the interconnection network) allows reconfiguration of the 
system, upon detection of a fault*, to enable the processing 
task to continue. Such reconfiguration is accomplished 
in minimal time and with minimal degradation in performance; 
e.g., minimal effect on computational capability as well 
as minimal effect on the ability to detect and recover from 
further malfunctions.

In this section primary consideration is given to fault 
tolerance within a single SAMSON processor, while the 
next section is concerned with the fault tolerance of the

♦An error within a computing system is defined here as that 
which generates an incorrect result. Such a malfunction 
of the computing system can be caused by various faults. 
(The terms malfunction and error are used synonymously 
throughout this work.) Faults are the various failures, 
such as transient, intermittent or permanent failures 
which occur. The classification of faults as transient, 
intermittent or permanent is a function of their rate 
of occurrence [5.f], Q5.21. (The terms fault and 
failures will, likewise, oe used synonymouslv herein.)
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SAMSON network. For clarity, certain network characteris­
tics regarding fault tolerance are introduced and 
discussed in this section. Concepts regarding 
fault tolerance of general digital hardware are likewise 
discussed in this section.

5.1 INTRODUCTION
Despite the tremendous increase in the past few years 
in the reliability of the components utilized in digital 
computers, the chance of a failure, in any such system, 
still exists. In fact, due to the increased complexity 
of today's machines, the component reliability improvement 
has not significantly affected the overall system 
reliability. Furthermore, in many applications, either 
access to the machine is difficult (if not impossible), 
for purposes of repair, or a malfunction could have 
catastrophic results, as in spacecraft computer applications, 
air traffic control computer applications, and flight 
control computer applications. For these reasons, fault- 
tolerant computing techniques are a major goal of 
multiprocessor systems.

Most fault-tolerant systems are composed of a number of 
computers (three or more) executing independent copies 
of the identical program and comparing results. If a 
discrepancy exists, the majority disable the minority 
and processing continues with degraded error recognition 
and degraded or no recovery capability. Such an approach 
to the structure of a fault-tolerant computer system is 
extremely expensive, and has thus far been prohibitive, 
in all but critical applications. The problem with such
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an approach is that system reconfiguration is accomplished 
at the highest system level [5.3]. The disabling of an 
entire computer upon detection of a malfunction significantly 
degrades the system performance, unless, of course, the 
number of redundant computers is very large. The cost 
of owning and maintaining such a system, having a large 
number of redundant, extra computers, is, in general, 
prohibitive. However, the SAMSON system has a highly 
modular structure, permitting system reconfiguration at 
a lower level. Upon detection of a fault, system 
reconfiguration is achieved by selecting a path around 
the failed component; i.e., selection of an alternate 
module (not necessarily an extra module) to perform 
(not necessarily replace) the function of the failed 
module.

In addition, the occurrence of a fault in a SAMSON 
component does not significantly affect the capability of 
the SAMSON system to detect and recover from other 
malfunctions which might occur, following the occurrence 
of the initial fault. This ability to detect subsequent 
errors and to further reconfigure the SAMSON system, in 
response to these additional malfunctions, is essentially 
due to the bypassing of faulty components.

The reconfiguration capability within the SAMSON system 
exists as long as there remains sufficient fault-free 
components (including processors, memories and inter­
connection paths) to perform the required computation in 
the required real time.
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The processing power obtained in the SAMSON system far 
exceeds that obtained with redundant multiple computers. 
Furthermore, the additional cost of the SAMSON computer 
system (incorporating these fault-tolerant capabilities) 
is much less than the additional cost of a computing system 
utilizing redundant multiple computers when both approaches 
are compared with the cost of a non-fault-tolerant system.

5.2 THE FAULT-TOLERANT PROBLEM
The problem of fault-tolerant computing can be segmented 
into three essentially, independent problems; these three 
problem areas are error detection, recovery (continued 
operation) and reconfiguration (isolation and/or 
amputation).

When fault-tolerant capabilities are introduced into the 
computing system, the first consideration must be given 
to detecting the occurrence of an error, whether it is 
due to a hardware fault or some other system malfunction. 
Next, the computing system must be capable of successfully 
continuing the computational task(s) being performed;
i.e., recovering from the error which would otherwise 
corrupt the task(s) in process. Finally, if a given 
error was caused by a hardware failure (as opposed to a 
transient disturbance),the failed module(s) must be 
isolated, and amputated from the system, to prevent 
corruption of the remaining fault-free modules; i.e., 
reconfiguration of the system in the presence of the fault.

5.2.1 Error Detection Problem
Various permanent faults as well as many types of 
transient and intermittent faults may occur in a computing
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system which will cause an error in the computation.
Some faults result in the "stuck-at" class of faults, 
while other errors may not be so readily recognizable. 
Those errors which are not so recognizable may cause an 
incorrect result to propagate through a computation and 
generate an incorrect data value, an extra data value, 
an incorrect address, a misdirected piece of information, 
etc. To detect such errors it is necessary to introduce 
some degree of redundancy; such as, execute several 
copies of the computational task and compare the results 
of these computations. From a real time detection point 
of view, it is desirable that these multiple copies 
execute simultaneously. However, from the point of view 
of total error detection coverage, it is desirable that 
these copies execute at different times; thus allowing 
detection of failures due to noise and other such bursts 
which could otherwise affect all redundant resources 
(multiple simultaneous malfunctions).

The error detection capability can be provided in the 
SAMSON system through such features as:

o error detection and correction codes 
° reasonableness checks 
° task monitoring 
° wrap around checks
o redundant computation and comparison 
° CPU self test 
o memory tests 
o I/O tests
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Obviously, essential to all of these health checks, is the 
ability of a healthy processor to detect a failure in one 
or more of these tests within itself or another machine. 
Clearly, performing I/O tests utilizing a faulty processor 
will result in erroneous results. Consequently, self-testing 
and cross-testing of the processors is essential to fault- 
tolerant multiprocessor error detection in the SAMSON 
system. Later, in this work, self-testing rather than 
cross-testing receives greater attention since it is, by 
far, the more difficult of the two problems.

5.2.2 Error Recovery Problem
Having provided the necessary error detection facilities 
to permit the detection of an error, it is also necessary 
to provide a mechanism which allows graceful recovery from 
that error. Classically, a triple modular redundancy 
(TMR) scheme has been utilized, incorporating triplicated 
voters to select the majority result. However, TMR 
techniques require at least triplication of all hardware; 
at least three operational functional units (of each type) 
are required and furthermore.different copies of these 
functional units are required by each of the separate 
copies of a given program.

In the SAMSON system, single computational units are 
primarily used; they are supported by reasonableness 
checks, self-test, etc., where possible to identify the 
occurrence of an error. Upon detection of the error, an 
alternate computational unit (as well as the original unit) 
is utilized to repeat the "corrupted" computation utilizing 
stored profiles of the "input" data values corresponding 
to this corrupted computation.
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Only if the computation being performed is critical in 
nature will more than one copy of the program be executed.
In general, sufficient (real time) response-time will exist 
to enable repeating the corrupted computation upon 
detection of the error; e.g., in flight control applications 
57 msec [5.4] exists for real time error recovery. 
Consequently, in the majority of cases, including critical 
applications, at most two copies of any program is 
executed. Only in critical applications with severe (real 
time) response-time restrictions is it necessary to utilize 
triplicated computational techniques to continue the 
required computational task(s).

5.2.3 Reconfiguration Problem
Reconfiguration requires the isolation of a faulty 
module in order to prevent contamination of the computa­
tional facilities.

Reconfiguration is accomplished in the SAMSON system by 
maintaining an active library, within each processing 
element which reflects that processor's opinion of the 
health of all other resources. This distributed 
intelligence is utilized by the SAMSON processing elements 
to determine which modules are healthy and available for 
processing tasks as well as which modules are sick and 
must thus be ignored. Faulty modules are not physically 
amputated from the system; instead, they are simply 
ignored by the healthy resources.
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ERROR DETECTION IN DIGITAL CIRCUITS 
This section will familiarize the reader with some 
aspects basic to the concept of error detection as well 
as path sensitizing and the need for appropriate test 
sequences.

Path Sensitizing
Path sensitizing is the procedure utilized to generate a 
set (or sets) of test sequences for detecting a hard 
(non-intermittent) fault in a digital system. Hard 
faults are assumed to occur, one at a time, in the system 
and these faults are assumed to persist for the duration 
that the test sequence(s) is applied. A fault is said 
to be detected if the output (or one of the outputs) 
differs, in a detectable manner, from its expected value 
during (any of) the applied test sequence(s).

The procedure for path sensitizing consists of the 
following four steps:

1. Selection of a node as a potential faulty node in 
either the stuck-at-one or stuck-at-zero state.

2. The selected faulty node is assigned a sensitizing 
value opposite to the fault condition selected.

3. A path from the selected faulty node to the output(s) 
is selected for sensitization.

4. The inputs to the logic elements along the sensitizing 
path are assigned (non-faulted) state values so as
to propagate the selected faulty node state along 
the sensitized path to the output(s).



This procedure is illustrated by the examples given 
in Figure 5.3-1. In the first example, the test sequence 
is examined for its ability to detect a stuck-at-zero 
fault at the output of gate B. The path sensitizing and 
test sequence generation procedure is:

1. The output of node B in the stuck-at-zero state is 
selected as the faulty node.

2. The node (node B) is assigned the sensitizing value 
of one (logic level one, LL1). Since the output of 
a NOR gate can only be a LL1 when all its inputs are 
zero, the input signals X2 and Xg must both be made 
zero to make the faulty node a LL1, its sensitizing 
value.

3. The sensitizing path BF is arbitrarily chosen to 
propagate the fault.

4. The fault can be propagated through F if and only if 
the output of C is zero (logic level zero, LLO).
Since the output of an AND gate is zero whenever any 
of its inputs are zero, and both Xg and Xg are already 
zero, the state of X ^  and X 4  are don't cares 
(represented by X ) .  Therefore, the input test 
pattern X-̂  Xg X g  X 4  =  X O O X  will detect this selected 
fault.

It can be shown that for the same fault, it is impossible 
to detect that fault along the path BDE. This is true 
since that path would require Xg to be sensitized to both 
a LLO and a LL1 simultaneously (to propagate the fault 
to output E).
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The second example is included to illustrate one of the 
drawbacks of sensitizing single paths using the path 
sensitizing method. Consider the problem of deriving a 
test sequence for detecting a stuck-at-zero on input X^; 
the procedure is then:

1. The X1 input of device A in the stuck-at-zero state 
is selected as the faulty node.

2. The faulty node is assigned the sensitizing value of 
one.

3. The sensitizing path ADH is arbitrarily chosen to 
propagate the fault.

4. To propagate through gate A, X2=X3=0 ; through gate
D, Xg=0; and through gate H, only if the outputs of
gates B=C=E=F=G=0. To make C=0, X5 must equal 1. 
However, having Xg3*) and Xg=l makes F=l. Due to this, 
and other similar contradictions, it is clear that 
the fault cannot be propagated to the output (Z) 
along path ADH. In fact, none of the single paths 
can be used to propagage the fault in this example.

This dilemma can only be solved by attempting to propagate 
the fault along paths ABH, ACH and ADH simultaneously.
In order to do this, the path sensitizing procedure to 
obtain the required test sequence is:

1. Same as previously described.
2. Same as previously described (X^=l).
3. The compound sensitizing paths ABH, ACH and ADH are 

selected.
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4. To propagate through A, Xg^g^O; through B,C and D, 
X4*Xg=Xg=0; and through H, requires E=F=G*0. The 
input values assigned ( X ^ g X g X ^ g X g  = 100000) satisfy 
the requirements for E=F=G*0 without causing any 
contradiction. Hence, the stuck-at-zero fault on 
input X^ can be detected with this test sequence.

Test sequences for hard faults can be obtained by 
sensitizing single and multiple paths utilizing a D- 
algorithm which utilizes the elements and rules of 
D-algebra.

5.3.1.1 D-Algebra
In the D-algebra, D represents a signal which is a LL1 in 
in the normal (non-failed) condition and a LLO in the 
faulty condition. D represents the logical complement 
of D.

Definition 5-1: A D-Cube is a vector representation
of the input and output values of a device.

Several D-cubes are shown in Figure 5.3-2.

Definition 5-2: A Singular Cover is a set of D-Cubes
defining a particular device.

Figure 5.3-2 is the singular cover of several common 
gates.

Definition 5-3: A Primitive D-Cube is the set of
D-Cube(s) wherein a faulty input causes the output 
of a device to be different from its normal value.
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Figure 5.3-3 illustrates the primitive D-cube of several 
common gates.

Definition 5-4: A Propagation D-Cube is the set of
D-Cubes which propagate a single fault at the inputs 
of a device to its output.

Figure 5.3-4 illustrates the propagation D-Cubes of those 
gates previously described.

Primitive D-Cubes can be intersected with propagation 
D-Cubes to generate test sequences by using the rules of 
D-algebra, Rules 1 and 2, presented in Table 5.3-1. In the 
rules of D-algebra, X represents a single element of a 
primitive D-cube and Y represents a single element of a 
propagation D-cube. Intersection of two D-cubes proceeds 
as indicated below.

Intersection Procedure
A. Starting with the first elements, intersect the 

elements of the two D-cubes using Rule 1 (of Table 
5.3-1).

B. If a null (4>), invalid, intersection is obtained for 
any element, re-initialize the intersection procedure 
starting with the first elements using Rule 2 (of 
Table 5.3-1).

C. If another null (<J>) intersection is obtained, the 
entire intersection of the two D-cubes is considered 
null.

As an example of this intersection procedure, the primitive 
D-cube (X) 11*D0D intersected with a propagation D-cube (Y)
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TABLE 5.3-1 
INTERSECTION RULES OF D-ALGEBRA

RULE 1: X O  Y
Y=PROPAGATION D-CUBE
D D 0 1 *

X=PRIMITIVE D 4 D 4 4 D
D CUBE D D 4 4 $ D

0 0 0 0 $ 0
1 D D * 1 1
* D D 0 1 *

RULE 2: X f | Y

Y= PROPAGATION D-CUBE
D D 0 1 *

X=PRIMITIVE D D 4 $ 4 D
D-CUBE D 4 D 4 4 D

0 0 0 0 4 0
1 D D 4 1 1
* D D 0 1 *
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*10D*D yields the D-cube 110DOD. The same primitive 
D-cube intersected with the propagation D-cube (Y)
*1*D0D yields a null intersection.

A D-cube can be intersected with a singular cover using 
the last three columns of Rules 1 and 2 where X is an 
element of the D-cube and Y is an element of the singular 
cover.

5.3.1.2 D-Algorithm Procedure
The D-algorithm procedure consists of the P-sensitizing 
algorithm and the consistency algorithm.

I. P-Sensitizing. The P-sensitizing algorithm is an 
algorithm for sensitizing a path from the faulty 
node to the output (or test) node. This algorithm 
consists of:

° First, choose a primitive D-cube of the fault and 
successively intersect it with the propagation 
D-cubes of the other devices along an arbitrary 
path (or paths).

° Then obtain the final D-cube where at least one 
output is specified.

o In the event a null intersection is encountered, 
repeat the P-sensitizing algorithm choosing a 
different path (or paths), 

o If no path(s) can be found, it will be necessary 
to add intermediate outputs (test nodes) to the 
network and repeat the process.
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II. Consistency Algorithm. The consistency algorithm is 
an algorithm used for backtracking from the device 
(gate) output to the inputs of the system to determine 
the required input states. This algorithm consists 
of:

° First, intersect the final D-cube (from the P- 
sensitizing algorithm) with the singular covers 
of the devices utilized.

° The intersection procedure is terminated when the 
required inputs are specified.

° If any null intersections (inconsistency) exist, 
repeat the P-sensitizing algorithm along another 
path to obtain a new ensemble of D-cubes.

Example 3: The problem solved by path sensitizing in
Example 1 (Figure 5.3-1) is repeated here using the 
D-algorithm. Table 5.3-2 shows the singular cover for 
Figure 5.3-1 while Table 5.3-3 shows the propagation 
D-cubes. Table 5.3-4 illustrates an unsuccessful 
attempt to sensitize the path BDE; a null intersection 
is obtained in the first step of the consistency 
algorithm. Table 5.3-5 demonstrates a successful 
P-sensitizing and consistency operation along path 
BF. The resulting test sequence is the same as that
obtained previously, in Example 1.
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TABLE 5.3-2 - SINGULAR COVER FOR FIGURE 5.3-1

1 2 3 4 5 6 7 8 9 10

f  a 1 1 1
A I b * 0 0

l c 0 * 0

f  d 0 0 1 .
B < e * 1 0

U 1 * 0

( 8 1 1 1
C < h * 0 0

U 0 * 0

f  m 0 0 0
D < n 1 * 1

l o * 1 1

f  p 1 1 1
E ( r * 0 0

I s 0 * 0

f t 0 0 0
F < u * 1 1

l v .J 1 * 1

TABLE 5.3-3 - PROPAGATION D-CUBES FOR FIGURE 5.3-1

1 2 3 4 5 6 7

a 1 D DP
b D 1 DP
c 0 D DP
d D 0 DP
e 1 D D
P
f D 1 DP
g„ 0 D
h D 0P
1 1
P

m I D
P

n 1 0 D
P 1

J

o I D 0
P I

10

C

{:

0

C

D
D

D
1

D
D

D
D
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TABLE 5.3-4 - P-SENSITIZING & CONSISTENCY ALONG THE PATH BDE

P-Sensitizing

II

III

Consistency

TABLE 5.3-5 - P-SENSITIZING & CONSISTENCY ALONG THE PATH BF

10
P-Sensitizing

Consistency

III
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5.3.2 Error Detection in Microprogrammed Central Processors 
The SAMSON processing elements are microprogrammed 
central processors and, as such, require special procedures 
since they are more than a collection of digital circuits, 
being a mixture of both hardware and "software" (namely, 
hardware and firmware).

The sophisticated SAMSON microprogrammed central processors 
are each a complex organization which utilizes advance 
digital circuits as well as advanced firmware techniques. 
Hence, error detection in microprogrammed central 
processors require the use of both the hardware path 
sensitizing technique (described above) as well as the 
firmware path sensitizing technique described below.

Firmware path sensitizing is application independent; 
firmware path sensitizing is a function of the hardware 
machine architecture and software machine architecture 
(instruction repertoire).

5.3.2.1 Firmware Path Sensitizing
The structure of a micro-sequence controller, of a micro­
programmed machine, has the capability of controlling 
the micro address sequencing through all of the micro­
code flow; the micro-code being the hardware equivalent 
of firmware (the micro-flow charting of the machine 
instruction repertoire). This micro-sequence controller, 
therefore, must have the ability to sequential address 
successive micromemory addresses as well as the ability 
to perform unconditional and conditional branches to 
arbitrary micromemory addresses as a function of various 
branch conditions.
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For complete error detection within a microprogrammed 
central processor, it is essential that both the micro­
sequencer hardware as well as the firmware (micro-code) 
branching within the various instructions (i.e., firmware 
paths) be exercised completely via appropriate test 
sequences.

This is accomplished by generating machine instruction 
sequences which exercise each micro address while path 
sensitizing each and every branch path. To accomplish 
this requires that those micro address locations which 
conditionally point to more than one location, be 
executed two or more times. No formal optimizing 
procedure has been developed for minimizing this test 
sequence; however, a formal procedure for developing and 
validating that the various branch paths are exercised has 
been developed.

Firmware Path Sensitizing Procedure:

1. Selection of a machine instruction to be sensitized.
2. The micro-flow chart, corresponding to the machine 

instruction, is examined to determine the number
of conditional branches to be sensitized (and hence 
the minimal number of test sequences required).

3. For each conditional branch, a path from the selected
branch point to the terminal micro-order is selected
for sensitizing.

4. The inputs to the micro-instruction flow are selected
so that the micro-program proceeds to the micro­
instruction and micro-branch being sensitized.
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Inputs are selected so that the wrong branch path or 
the wrong resultant is obtained as a result of any 
stuck-at-failures and furthermore the overall input 
test sequence executive distinguishes between these 
correct and incorrect outputs by verifying the results 
obtained.

In order to minimize the input test sequences associated 
with machine instructions having multiple micro-branch 
conditions, input sequences should be selected so as to 
maximize the number of branch paths exercised by the test 
vector.

The firmware path sensitizing procedure described herein 
has been utilized to develop a comprehensive set of test 
vectors for the SAMSON processor. The following sections 
describe the results obtained utilizing this procedure in 
the development of a comprehensive self-test procedure 
utilizing these test vectors.

5.4 ACHIEVABLE SELF-TEST ERROR DETECTION FOR A CPU
In the following paragraphs some general aspects of 
failure detection shall be examined for the purpose of 
exposing some of the difficulties involved in achieving 
near-perfect coverage. Specific attention is focused 
on comprehensive self-test coverage of a real time aero­
space type central processor of the type suitable for 
the SAMSON system. This section emphasizes what is 
actually achievable through the use of self-test software 
and presents the results of a detailed self-test study, 
including data obtained on actual SAMSON hardware.
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A major concern in real time (aerospace) computer applications 
(as well as in all computer applications) is the detection 
of failures in various (preflight and inflight) environments. 
Undetected failures in both computer and computer peripheral 
components can result in a significant reduction in mission 
reliability. Hence, failures must be detected with a coverage 
which is consistent with the reliability goals of the system.
It has been shown that failure detection requirements are a 
function of the redundancy configuration and it is conceivable that 
the mission reliability goal, for a particular configuration, may 
require a (preflight)test efficiency of 99.9%, even with periodic 
testing (jj. 7].

In the following sections we examine some general aspects of 
failure detection, including an overview of well-known aspects of 
checking experiments and testing, for the purpose of exposing 
some of the difficulties involved in achieving near-perfect cover­
age. Specific attention is given to comprehensive self-test 
coverage of a SAMSON prototype PE. Failure detection require­
ments are not considered here, since this is highly application 
dependent; instead, emphasis is placed on what is actually 
achievable and by what means.

5.4.1 Modeling of Failure Effects

We take as our model, of the CPU, the finite, sequential 
machine [5.8] - Ijj-iQ] • We formalize the definition as follows:
Let X = (x1 ,x2 , • • • ,xm } 31 set of inputs

S = {slts2 ,•••,s } * set of internal states

Y = {yi,yo,...,yn } “ set of outputsX  M  P
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Then a finite sequential machine is the pair of functions f and 
g such that y* = fCx^s*) and si+1 » g C x ^ s 1 ) where xie X, y ie Y, 
s e S and the superscript, i, denotes the i instant of time.

A machine with n states, m inputs and p outputs will be called
an (n, m, p) machine. It can be shown that there are, at most,
/«_\nm
ny —  distinct (n, m, p) machines.

The finite sequential machine is a convenient model for repre­
senting the operation of a digital device, and a fortiori, for 
representing the effects of failures. Before proceeding further, 
we give the rationale for the present discussion. We start with 
a digital device which in its non-failed condition realizes a 
certain (n, m, p) sequential machine (M). If the machine, fails, 
then it will behave like some other sequential machine (M'), 
not necessarily an (n, m, p) machine of the same order (the 
value of n, m and/or p may change). Because of the possible 
existence of these failures, M' may or may not be equivalent to 
M. It is the task of the diagnostician to make this determination; 
we place one restriction on the observer: internal states are
not directly observable, the diagnostician is restricted to 
injecting inputs and observing the corresponding outputs. We 
can now define a failed machine.

Definition 5-5: Machine M 1 is a failed replica of machine
M if and only if M' is not equivalent to M.

Thus far, we have not addressed the structure of the failed 
machine. To this end we make the following assumptions: (1) the
set of inputs does not change, (2 ) the set of outputs does not 
change, and (3) the number of states does not increase.

191



The first two assumptions are relatively weak and impose minimum 
constraints on the failure modes. The third assumption is 
necessary in order to establish an upper bound on the number of 
(n, m, p) machines. This assumption appears to be reasonable 
and, in any case, is almost always invoked in the literature.
(We note, in reference to this assumption, that, given an input 
sequence of any finite length there is a machine M 1, beginning 
in some state, which will yield the same output as M beginning 
in its initial state, provided we do not limit the number of 
states of M ' .)

In summary we assume that a failed replica of an (n, m, p) 
machine is, again, a different (n, m, p) machine.

5.4.2 General Test Philosophies

There are several philosophies regarding testing of digital 
computers: (1) The computer is designed with dedicated additional
hardware for the express purpose of detecting failures, usually 
through redundancy and comparison-type monitoring (5.11] , (5.12],
(2) Error detection coding of internal computer variables (5.13j , Q5.14] 
these variables are coded in such a way that a failure or failures 
will very likely cause a recognizable change in the code, (3) Use 
of a self-test software program wherein the computed states 
(and variables) are tested against a stored table or a portion 
thereof Q>-l|]»(4) Generate and output internal variables for 
comparison with similar variables in an identical computer 
(comparison-monitoring) [5.7] , Q>.16) .

We will discuss here only the self-test philosophy assuming, as 
we do, that we are concerned at this point with a system consisting 
of a single processor which does not have special built-in failure 
detection capability.
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5.4.3 Theoretical Requirements of Self-Test

In this section we examine the length of the input sequence 
necessary to completely test an (n, m, p) machine subject to 
the previously stated assumptions regarding the effects of 
failures.

For purposes of obtaining estimates we make the additional 
assumption that for each (n, m, p) machine, M ' , there is a set 
of component failures which will transform the original and non­
failed machine, M, into M 1.

It is undoubtedly true that the class of machines which are a 
replica of a failed machine is smaller than the class of all 
(n, m, p) machines. However, since we do not have sufficient 
information to significantly limit this class, we proceed on our 
assumption, which, in any case, presents the greatest difficulty 
to the diagnostician.

We now obtain a lower bound on the length of the input sequence 
required to test an (n, m, p) machine. The example is essentially 
due to Moore Q>.8]. Consider a combination lock with combination 
a^, ag,..., an_i» where each digit, â -, could have assumed one 
of m values. Such a lock can be represented by an (n, m, 2) 
machine. The combination lock opens when the output equals unity 
and this can occur, starting in state s^, if and only if the 
input sequence is ag, ..., an_i* Now it is obvious that, 
in order to test the lock, it may be necessary to try all of the 
possible combinations [5.173 and that the number of combinations

193



To illustrate the problems associated with the fault diagnosis 
of a sequential machine, we consider a random access memory (RAM). 
In order to fully appreciate the magnitude of the minimum length 
input sequence required, consider a typical 64-bit RAM, which is 
organized as 16, 4-bit words. The input is a 9-bit binary word 
(4 bits of which designate the input data, 4 bits the address, 
and a 1-bit input specifying read or write). The output is a 
4-bit word. Thus, the RAM can be represented by a sequential 
machine with n * 2®4 states, m « 2® inputs, and p * 24 outputs. 
Here

0*34 - a'j -\Qn-l 9 ^ 1 12x2 2x10we obtain m * (2 ) ~ - io as the minimum
length of the input sequence required to test the device. The
estimate of m11-1 is to be used when no advantage is taken of the
unique structure of the device being tested. However, if the
test (self-test) is designed for a particular device, it may be
possible to do considerably better than ran“ ^.

From this simple example we may conclude that an efficient and 
practical self-test must be designed to take advantage of the 
unique structure of each device being tested.

With regard to an upper bound on the length of the input sequence
required (in view of the lower bound, the upper bound is of
academic interest only), Moore (B. 8] gives the estimate nmn*^pn

n !for the "Moore" type machine.

5.4.4 Objectives of Self-Test Software

In the preceding section it was shown that a digital, sequential 
circuit could be represented by a sequential machine. The 
sequential machine representation leads to the conclusion that, 
if no advantage were taken of the unique structure of the device,
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then the number of inputs required to completely test the device 
was so large as to render the test impractical. As a consequence, 
we must settle for something less than a complete test. We cite 
several factors which give cause for optimism: (1) The SAMSON
processor consists of many types of combinatorial and sequential 
circuits whose inputs and outputs are directly accessible for 
fault-diagnosis, and, (2) Failure rates of hard-to-test failures 
and hard-to-test devices may be acceptably small.

It is generally agreed, although not universally accepted j]5.18], 
that the most commonly encountered failures (5.10 are: (1) Stuck-
at input or output bits, and (2) Stuck-at internal variables 
which prevent transitions to certain states (e.g., a stuck-at 
bit of a storage register).

The fault classes of primary concern, considered in this work, 
are the most commonly encountered failures: Input and Output
Stuck-at-One and Stuck-at-Zero faults. Failures of this kind 
occur much more frequently than all other failures combined.

In a recent self-test software study (5.20 utilizing another 
self-test program, the effects of internal stuck-at-failures 
were investigated. That study utilized a gate level representa­
tion of the CPU to simulate the effects of these stuck-at-failures. 
The estimated difference in test coverage when the devices were 
simulated at the internal gate level as compared to the external 
level was less than a 1% improvement. On the basis of this 
result, limiting the class of faults to external stuck-at-faults 
is a reasonable restriction.

A complete test for these failures can be achieved by forcing 
each variable to the "1" and "0" state. It may be said that
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the primary objective of this, and almost all. self-test 
algorithms is the detection of stuck-at-one and stuck-at-zero 
failures.

5.4.5 Central Processor Architecture

The central processor utilized in this study is organized as a 
microprogrammed parallel general purpose processor which operates 
on sixteen bit data words. The processor is constructed using 
significant quantities of large scale, LSI, and medium scale,
MSI, integrated circuits thereby providing maximum computational 
capability in minimum size. The essential elements of the 
processor are shown in the block diagram of F ig u r e  5.4-1; they 
include the: 16 general purpose operational registers,
arithmetic unit, micro-control unit, input/output unit, program 
counter, specialized single bit indicators, control logic and 
timing unit.

The sixteen general purpose operational registers (accumulators) 
are operated upon primarily through the use of a powerful set 
of interregister instructions. Provisions are also made to 
utilize two of the registers as index registers during memory 
reference operations. In addition, sequential registers are 
automatically linked for double precision operations.

The arithmetic unit provides the capability to perform arithmetic 
and logical operations on the various machine registers and 
memory. It provides this capability through the use of an 
adder/shifter together with an arithmetic unit internal register. 
Information from the program counter, program memory, input/ 
output unit and the sixteen general purpose operational registers 
is routed through the arithmetic unit under control of the micro­
control unit.
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The micro-control unit is the basic source of all processor 
control signals. The heart of this unit is a micro-control 
memory implemented with LSI semiconductor memories. The micro­
control memory specifies which of the many possible machine 
operators are to be allowed during every phase of every machine 
instruction.

5.4.6 Development of Comprehensive Self-Test Software

To design an efficient and practical self-test one must take 
advantage of the unique structure of the processor being tested. 
This necessitates a thorough and detailed evaluation of the 
components, component interconnections, processor architecture 
and the micro-memory flow charts and microcoding of the machine. 
Only after such an evaluation is performed can a set of test 
vectors be generated to stress and exercise all of the above 
to the maximum extent in a reasonable length self-test program.

The primary purpose of the detailed examination of the components 
utilized is to determine an acceptable model of the internal 
structure and organization of these components. With this 

• model available, the diagnostician can make an analytical and 
statistical determination of the effects of failures on the 
performance characteristics of individual components as well as 
groups of interconnected components. For the self-test software 
described here, component models were either obtained from the 
device manufacturer or developed from the component evaluation. 
(The simplest model which can be generated, assuming the man­
ufacturer' s model is either unobtainable or inadequate, is the 
NAND gate equivalent model.)
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Utilizing the component models,a set of test vectors are generated 
to completely exercise not only the components but also the 
component interconnections, the processor architecture, the micro­
memory flow and the instruction set. These test vectors are selected 
so that (wherever possible the internal nodes of the component model
as well as) the external nodes of the component are forced to 
both the "1" and "0” state. In addition, these test vectors 
must be selected to exercise all of the component interconnections, 
processor architecture, all micro-memory locations and micro­
memory branch paths and all of the machine instructions.

The criteria utilized to generate the appropriate set of test 
vectors is to determine a minimal set of test vectors that 
forces both internal and external variables to both the "1" and 
"0" state by controlling (only) the externally available variables 
to the appropriate values.

The test vectors obtained from the above procedure are then 
utilized in the self-test program to exercise and detect the 
class of faults under consideration (i.e., stuck-at-one and 
stuck-at-zero faults). To accomplish this, the self-test program 
must exercise the machine using these test vectors and assure 
the detection of these faults. Thus, the self-test software 
must be organized so that the intermediate variables as well 
as the final computed variables are verified for correctness. 
Verification of intermediate results limits the possibility of 
a single fault causing an undetected failure. In addition, the 
self-test program must include checks to assure that segments 
of the test program are not skipped (due to undetected failures).
This requires execution verification of the various program 
segments. Similarly, the program code integrity must be assured; 
i.e., through the use of a memory sum check.
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In addition to all of the above, the self-test program should 
provide fault isolation capability.

The resulting self-test program should then be optimized with 
respect to required memory size and execution time, while main­
taining the self-test efficiency, so that it can be utilized in 
real time computer applications.

5.4.7 Self-Test Program

The self-test program consists of 24 blocks, 17 of which are test 
segments. Table 5.4-1 briefly describes the self-test program.

Test 1 is the bootstrap error detection test which partially tests 
those instructions used by the executive in error detection; they 
are only tested here to the extent necessary for minimal error 
detection.

In all test segments, no instruction is utilized (executed) 
within a segment unless that instruction has been previously tested 
in an earlier test segment (or unless that instruction is presently 
under test). In Tests 4 and 5 an internal sum is generated within 
the test and compared against a stored constant to assure
complete execution of that segment.

The executive routine controls the program flow from test to test
and generates an internal sum which is utilized to assure execu­
tion of each test segment. In addition, the executive provides 
fault isolation capability.

In the memory test a running check sum is generated for all 
memory locations utilized by the self-test program to assure the 
validity of the program being executed.
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TABLE 5.4-1
DESCRIPTION OF SELF-TEST PROGRAM

BLOCK TEST BLOCK DESCRIPTION
1 - Temporary Storage & Constants
2 - Executive (Test Sequence Control)
3 - Memory Test (Sum Check)
4&5 Program Control (Interrogation of Commands for 

Executive)
6 1 Bootstrap Error Detection Test Segment
7 2 Control & Skip on Indicator Instructions Segment
8 3 Complement Instructions & General Purpose

Operational Registers AO through A3 Segment
9 4 Immediate Instructions & Overflow Segment
10 5 Interregister Arithmetic Instructions & General 

Purpose Operational Register A4 through 
A15 Segment

11&12 6&7 Memory Reference Instructions (Base Addressing) 
Segment

13 8 General Purpose Operational Register Skip 
Instructions Segment

14 9 Logical Instructions Segment
15 10 Interregister "Move" Instructions Segment
16 11 Short Shift Instructions Segment
17 12 Long Shift Instructions Segment
18 13 Multiply Instruction Segment
19, 20 
& 21

14(A,
B,C)

Divide Instruction Segment

22 15 Memory Reference Instructions (Direct Addressing) 
Segment

23 16 Memory Reference Instructions (Indirect 
Addressing) Segment

24 17 Load/Store Instructions Segment
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5.4.8 Self-Test Verification

A breadboard set-up was used for the purpose of validating this 
self-test software on the processor hardware previously 
described. Because of the similarity of parts and the general 
structure of most single address mini-computers, the results 
of this study on the SAMSON (real time) processor are equally 
applicable to a wide class of processors and computers.

The self-test program tests: all internal CPU paths (buses),
all 16 general purpose operational registers, the internal 
arithmetic register, limited testing of that portion of the 
main memory containing the self-test program, that portion of 
the program counter which is necessary to address the memory 
locations containing the self-test program, all arithmetic 
operators and all instructions (except I/O dependent instructions). 
It should be emphasized that this particular program was not 
designed to detect failures of the I/O and associated devices 
such as converters, multiplexers, I/O timing strobes, etc. This 
self-test program requires only 1,025 memory words* and 8,600 
memory cycles to make one complete pass. At the rate of one 
microsecond per memory cycle, assuming a core memory (or two 
hundred fifty nanoseconds per memory cycle assuming a semiconduc­
tor memory, both conservative values),a complete pass requires 
8.6 (or 2.15) milliseconds. If a fault is not detected, the 
program proceeds to a "GO" location; any other result indicates 
that a fault was detected. If a fault is detected and if the

*This is the number of actual memory words required; i.e., total 
self-test length minus unused reserved areas of memory.
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processor can exercise sufficient control, the program proceeds 
to a "NO-GO" location and identifies the area of the failure.

5.4.9 Validation Philosophy

The validation was confined to a restricted class of failures 
which included grounded input and output nodes (stuck-at-zero 
failures). The eventual extension of the validation procedure 
to include the entire class of stuck-at failures was a paramount 
consideration; however, such testing might require destructive 
testing of several processors. Economic considerations precluded 
such destructive testing. Furthermore, it was understood that 
the present effort was the first step toward achieving this 
objective. Altogether, 350 pins, representing the entire 
complement of accessible nodes, were "failed". After each 
failure was injected the self-test program was initiated and 
the results tabulated. In the following paragraphs a brief 
description of the procedure and results is given.

The test was conducted by grounding all input and output nodes, one 
at a time. However, this did not result in the grounding of each
individual input and output independently since, freauently, a 
single node fed two or more inputs via gating circuitry. As a 
result, the grounding of certain nodes actually resulted in the 
simultaneous failing of some inputs to a high (if the intervening 
gate was an inverter) and some inputs to ground.

It appears that, with expanded test facilities, this approach 
can be extended to include the following types of failures:
(1) Input and output nodes: stuck-at-one as well as stuck-at

zero, and
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5. 4 . 10

(2) Common package failures - (a) device ground lead opening,
(b) device Vcc lead opening, and (c) bridges (i.e., input 
to input, input to output, output to output).

There is another class of failures which are extremely difficult 
to simulate and, at present, no satisfactory method has been 
proposed for doing so. These failures are internal logic failures 
of the devices. Such failures result in either a stuck-at output 
failure or a restructuring of the internal state and transition 
branches. Internal failures resulting in stuck-at output failures 
are treated as described above. However, internal failures that 
cause restructuring of the device may not be seen at the output 
until a certain and unknown combination of inputs and internal 
states occurs. Since the resulting restructuring is unknown, 
simulation of such failures are extremely difficult.

Results

The self-test program used was designed to test all machine 
instructions except the I/O instructions and those skip instruc­
tions associated with external signals. All micro-memory words 
within the micro-memory are executed at least once except those 
associated with "power on", "console", "interrupt" and the above 
mentioned machine instructions.

Although the I/O bus (16 lines) is not explicitly tested by the 
self-test program, 13 or 14 of these nodes (as a function of 
when these nodes are failed) were detected as failures. The 
detection of these failures is due to the connection of the 
computer console during this validation procedure. The I/O bus 
is the data path to the computer console. This group of 16 signals 
should not be considered tested within the scope of this self­
test program.
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The four higher order program counter bits and the ripple carry 
into these program counter bits, represent those signals which 
could be included within the capability of this self-test 
program but are not. (Since four bit counter/register chips 
are used, only every fourth carry is available.) As previously 
indicated, such testing was not part of the original intent of 
this self-test program. It would be a relatively simple matter 
to add to or change the program to include coverage of these nodes; 
however, for the present, they illustrate a significant point.

The score card then reads (for the two card SAMSON processor):

Control
Unit

Arithmetic
Unit Total

Total Nodes Tested 193 185 378
Interrupt Nodes 3 1 4
Manual Halt Nodes 3 0 3
I/O Nodes 10 16 26
Valid Nodes Tested 177 168 345
Nodes Not Detected 0 5* 5*

Efficiency
(Node Ground Fault) 100% 97.0% 98.

'Program Counter-higher order bits and ripple carry.

As indicated, the upper program counter bits could be checked 
by adding to or modifying the self-test program to utilize 
these upper addresses. However, these results indicate the 
value of this program testing technique in developing effective 
self-test programs. If we had been unaware of the fact that 
these lines were untested, this approach would have identified 
these nodes as untested nodes.

+ If all failures are equi-probable, then this quantity corresponds 
to test coverage.
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Taking into account the original design objective of this 
self-test program, the score card actually reads:

5.4.11

Control
Unit

Arithmetic
Unit Total

Total Nodes Tested 193 185 378
Interrupt Nodes 3 1 4
Manual Halt Nodes 3 0 3
I/O Nodes 10 16 26
Higher Order Program 

Counter Nodes __0 __5 __5
Valid Nodes Tested 177 163 340
Nodes Not Detected 0 0 0
Efficiency

(Node Ground Fault) 100% 100% 100%

Summary of Test Validation. Procedure

° The hardware validation procedure can be extended to include 
a large class of frequently encountered stuck-at failures.

° As conducted, the validation did not exercise the full 
potential of the self-test software. For instance, the 
self-test program checks the main memory by a memory sum 
test.

o Internal logic failures are difficult to simulate. Work in 
this area is described in a paper by R. L. Miga Q>.2l].

o Records of failure modes of digital devices must be maintained 
on a continuing basis, as they occur. Design defects should 
be distinguished from actual failures.

+ If all failures are equi-probable, then this quantity corresponds 
to test coverage.
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o Probabilities of device failures must be estimated from
actual field data in order to accurately equate test efficiency 
to test coverage.

o From the above data, realistic failure modes of digital devices 
can be estimated. Failure modes with a high probability 
of occurrence must be recognizable by the self-test software.
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6.0 FAULT TOLERANCE IN THE SAMSON DISTRIBUTED MULTIPROCESSOR
NETWORK
A unique distributed multiprocessor network is discussed 
wherein each processing unit (PU, e.g. processing element, 
PE, plus memory) is identical and independent. The net­
work configuration is that of co-equal processing units,
i.e. no master-slave relationship exists. The SAMSON 
distributed multiprocessor network described herein is 
an integrated real-time parallel processing system. The 
basic architecture of the SAMSON distributed multiprocessor 
network results in an inherent fault tolerant organization.

6.1 INTRODUCTION
This section presents an overview of fault tolerant 
characteristics of the SAMSON [6 .^ multiprocessor system 
which is a highly parallel experimental computer organ­
ization, utilized as a distributed multiprocessor net­
work. The SAMSON distributed multiprocessor network is 
a unique real time processing system wherein each pro­
cessing unit (PU) is identical and independent. The 
network configuration is that of co-equal PUs, cooperating 
in the performance of the overall system task. The 
SAMSON distributed multiprocessor network is capable 
of tolerating one or more transient or permanent failures 
and provides graceful degradation of performance even 
as the number of failures, mf, becomes relatively large. 
This fault tolerant computing capability is provided 
in the SAMSON distributed multiprocessor network by its 
inherent ability for failure recognition, reconfiguration 
and recovery. Furthermore, these fault tolerant charac-
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teristics are, to a great extent, independent of the 
fault tolerant characteristics of the individual PUs.

6.2 NETWORK ORGANIZATION
The SAMSON distributed multiprocessor is a network con­
sisting of n PUs cooperating with one another to form 
an n**1 order network, wherein each PU is identical to, 
and independent of, every other PU in the network. The 
network configuration is that of multiple (n) co-equal 
partners, coordinating their activities in both the 
management and operation of the system as well as the 
solution of user related application tasks. The resulting 
organization is a fault tolerant network exhibiting 
graceful degradation of performance in the presence of 
single or multiple failures.

W.A. Curtin (6.2] indicated that ultrareliability meant 
that "no single element can perform so unique a function 
that its failure could disable the entire system, but 
rather should at most decrease the on-line capability". 
Despite this obvious fact, both special purpose pro­
cessing elements and master control units have been 
and are still being incorporated within the structure 
of classical distributed networks and/or parallel 
processors. However, with the great potential for in­
creased speed, reduced cost, reduced size, etc., avail­
able through the LSI and microprocessor microcircuit 
technology, this special purpose hardware no longer 
appears necessary (except in very specialized cases).
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In the classical distributed network, a single point 
failure within either a master control unit or a special 
purpose processing element will either destroy the 
entire network or dramatically reduce its capability.
The SAMSON distributed multiprocessor architecture, 
on the other hand, utilizes neither a master control 
unit nor any special purpose processing elements. This 
organization has thus eliminated one of the main 
fallacies of the classical distributed network; namely, 
the special purpose elements. Furthermore, a single

i. t_

point failure in an n order SAMSON distributed 
multiprocessor network would, in general, only degrade 
the network by order 1 .

i.

In the presence of a single point failure, the n order 
SAMSON distributed multiprocessor network is only 
degraded to order n-1 ; the network is a fail-soft fault 
tolerant network.

6.2.1 Characteristics of the PU

The SAMSON experimental system under development consists 
of four PUs (a 4th order network). The individual PUs, 
uniprocessors, are general purpose, parallel digital 
computers which provide the computational capability 
for both the networks operating system and a broad 
spectrum of user applications. The SAMSON uniprocessor 
features a full parallel sixteen bit arithmetic struc­
ture utilizing sixteen general purpose accumulators and 
a microprogrammed control unit; each uniprocessor has a
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32K word (16 bits per word) memory capacity 6.3 .
The SAMSON prototype (PU) is constructed using conven­
tional large scale, LSI, and medium scale, MSI, integrated 
circuits, thereby providing maximal computational capa­
bility in minimal size while providing a flexible hardware 
basis for experimentation, evaluation and concept vali­
dation .

Obviously, the network could be implemented so that each 
PU is itself a network of other PUs. Alternately, each 
PU could be a maxi-computer, a midi-computer, a mini­
computer (its present status), a micro-computer (a micro­
processor based PU has been developed as part of the 
continuing SAMSON development effort), or, for that 
matter, each PU could consist of multiple processing 
elements.

As an example of a PU consisting of multiple processing 
elements, consider an architecture wherein each PU is 
partitioned such that there is an input-output processor, 
or a separate input processor and a separate output pro­
cessor, as well as a computational processor. As either 
an alternate partitioning or as an additional partitioning 
the operating system tasks can be segregated from the 
application tasks so that these tasks are performed in 
separate processors. With such an architecture, it might 
prove to be more cost effective to have the input and 
output processor(s) implemented as a microprocessor while 
implementing the computational processor as a mini­
computer. In any event, for such an organization, it is 
both convenient and reasonable, although not essential, 
that the processing elements of the PU be software 
compatible.
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Furthermore, each PU of the network could include fault 
tolerant features; i.e., error detecting and/or correcting 
codes £6.4} , [6.5] , arithmetic codes 05.5]-05.7] , 
memory content and memory address verification 06. (Q ,
0 . 0  , voting 05.1(3 ~ 05.12] , sparing 05.1(0- [6.15] , 
redundancy 06.11] , 06.16] , 06.17] , etc. Although such 
fault tolerant computing characteristics within the PU 
may enhance the overall fault tolerant characteristics 
of the network 06.11) , 06.18] , they are not essential
to the SAMSON distributed multiprocessor architecture.
The experimental system presently under development does 
not include such features; however, as part of the 
continuing development effort such attributes should be 
evaluated and it is expected that some of these features 
will be incorporated.

It should be noted that throughout the development of 
a fault tolerant computing system, it is essential that 
the architects provide adequate, but not excessive, 
fault tolerance. Furthermore, since these requirements 
may vary greatly from application to application, the 
computer architecture should be both flexible and 
modular, enabling the addition or deletion of such 
features as required by the specific applications.

Internal inter-PU communications is accomplished via uni­
directional inter-PU communication links (ports). (See 
section 4 for an evaluation of various communication 
techniques.) The individual PUs have two dedicated 
internal output ports for transmitting inter-PU data; 
each PU outputs internal data on its own pair of
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dedicated inter-PU output ports. In addition, each PU 
has n pairs of inter-PU input ports for receiving in­
ternal data. The alternative approach of using shared 
master, central, data bus (6.19] or buses was rejected 
for two reasons: (1) It would create access and control
problems as well as transmission delays resulting from 
bus conflicts which are undesirable (and frequently 
intolerable in real time control applications);
(2) It is definitely less fault tolerant than the 
approach utilized here. External communications is 
accomplished via the external I/O buses as a network 
option tailored to the requirements of the specific 
application.

In addition each PU has an interval timer, derived from 
its own master oscillator and a set of programmable 
watch dog timers.

6.2.2 Characteristics of the Network
i. u

The n order SAMSON distributed multiprocessor network
consists of n PUs, with 2n internal communication links
for internal inter-PU communications and n^ I/O buses
interfacing the individual PUs to their respective
external subsystems. (The value of n̂  ̂ is a function
of the particular application requirements. In addition,
the number of I/O buses per PU, n , is in general not
equal to ni and need not be constant for all PUs; i.e.,
n . f n .) The PUs are externally interconnected to PJ pkobtain the I/O function required by the particular 
application and to achieve the required fault tolerant 
characteristics for that computing system. An n

213



order SAMSON distributed multiprocessor network is 
depicted in Figure 6.2-1. The 4th order network 
of Figure 6.2-2 corresponds to the experimental SAMSON 
distributed multiprocessor network being developed at 
The City College, The City University of New York. In 
this experimental network n is equal for all PUs
(ni=np*3). P

We have previously indicated that in the presence of a
x  t-

single point failure, the n order SAMSON distributed 
multiprocessor network is only degraded to order n-1 .
This degradation in performance need not exist; in an 
n out-of m order SAMSON network there would be no 
degradation of performance d.ic to a single point failure. 
The SAMSON distributed multiprocessor network would 
simply function as an n out-of m-1 order network. The 
network would only degrade to order n-1 in the presence 
of m-n-1 failures.

6.3 NETWORK ARCHITECTURE
The SAMSON distributed multiprocessor network utilizes 
a distributed operating system, DOS, which is independent 
of the application program. The high degree of parallel­
ism that exists within the network allows concurrent 
execution of various application tasks under the 
control of the DOS. The DOS, which exists in each PU, 
dynamically schedules the execution of these application 
tasks on the basis of a data driven [6 .20] scheduler; 
that is, a task is enabled for execution only after the 
required operands have been provided, either by the
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execution of a predecessor task or by inputs from the 
I/O subsystem. Furthermore, the DOS places minimal 
constraints on the organization of application tasks.
For example, the application tasks need not be structured 
to take advantage of the high degree of parallelism that 
exists in the SAMSON distributed multiprocessor network.

The DOS is responsible for initialization of the network, 
keeping track of the (health) status of the individual 
PUs, internal communications, monitoring the external I/O, 
scheduling tasks, resolving task conflicts, partially 
responsible for monitoring application tasks and is 
responsible for failure recognition, recovery and recon­
figuration of the network.

System control is maintained by the DOS through messages 
transmitted on the inter-PU communication links. One 
such message is the "task initiate message". The PU 
initiating a task broadcasts this message to identify 
itself as the "application PU" which has accepted the 
task waiting and ready for execution. This message 
is a global message in that it is broadcasted to all 
participating PUs.

The "task initiate message" implicitly identifies the 
sending PU as the "application processor" and explicitly 
identifies the task, via a task identification number 
and sample number. In addition, the message contains 
error detection information.
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Potential "application PUs" for a particular task are 
preassigned and conflicts resulting from simultaneous 
task initiations are dynamically arbitrated, on the 
basis of the PU priority number (PU number). The 
arbitrator is the DOS and arbitration is performed 
concurrently in the conflicting PUs.

Each task is preassigned to several PUs and, in general, 
a group of related tasks are preassigned to a cluster 
of PUs. It should be noted that the cluster need not 
consist of physically adjacent PUs. In fact, in 
specific applications, this non-physical adjacency 
of PUs would be a desirable fault tolerant feature; 
e.g., to avoid catastrophic failures in a fighter air­
craft due to a single hit on the aircraft. In any 
event, the preassignment of each task to several PUs 
provides for flexible scheduling while enhancing the 
fault tolerance of the network. Although only a single 
copy of the task need be executed, provisions exist for 
multiple, simultaneous execution of the task. Consider 
the following classes of tasks: "normal" tasks, pseudo- 
critical tasks, critical tasks and "super-critical" 
tasks.

Definition 6.1: Normal Task - A task is defined as 
a "normal" task if the correct result is acceptable 
(actually a reasonable result is a more accurate 
description) in the presence of a single point 
failure in an interval of time approximating (ex­
ceeding at least) twice that required in a healthy 
environment.
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The exact length of time required is a function of the 
specific application tasks being performed and the 
priority associated with reexecution of the task. It 
should be noted that the result is determined to be 
incorrect based on one or more of the following: the
watch dog timer(s) monitoring the task have expired 
and the task is still incomplete, the task completes 
prematurely, the rate of change of the computed variable 
exceeds a specified (expected) limit, the result fails 
a reasonableness check. The recovery procedure 
associated with a fault during execution of a "normal" 
task is to roll-back and reschedule the task for 
reexecution by two or more PUs; one of the PUs which 
reexecutes the task is the original PU. If the new 
result obtained from the original PU is correct upon 
reexecution, the fault is identified as a transient 
fault. This procedure, of having the faulty PU re­
execute the task, is utilized for all classes of tasks 
to identify transient faults. The DOS tabulates the 
number of transient faults occurring in each PU and 
declares a PU as faulty if the relative number of 
transient faults exceeds either a predetermined limit 
or a calculated weighted limit.

Definition 6.2: Pseudo-Critical Task - A task is
classified as a pseudo-critical task if the correct 
result, in the presence of a single point failure, 
is acceptable in an interval of time approximately 
twice that obtainable without any failures; i.e.,
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tspf = tnf(2+£l)where « 1 (eq. 1 )

tgpf A time for the correct result with a single point 
failure.

lnf i ‘  ime for the correct result without any failures

In this case, the task is executed in at least two PUs 
( P ^  and PUj) and the error is detected by comparing 
results. The correct result (or at least the reason­
ably correct result) can be determined by utilizing 
the mechanism previously discussed in regard to "normal" 
tasks. Alternatively, a roll-back procedure can be 
used where the task is rescheduled and reexecuted.
In any event, the faulty PU ( P U ^  reexecutes the task 
and the result is rechecked by PUj by comparing the 
new PUi result with the PUj result. Transient faults 
are treated as above.

Definition 6.3: Critical Task - A task is classified
as a critical task if the result must be correct in 
the presence of a single point failure and further­
more, the result is required in the presence of this 
failure within an interval of time approximating 
that obtainable without any failures; i.e.,

tspf = tnf(1+e2 ) where e2 K<1 (eq' 2)

In this case three PUs (PU , PU. , PU ) execute the task.a b c
A 2 out of 3 majority volting mechanism is utilized here.
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(If PUa had been at fault, PUa might identify both PUb 
and PUc as in error, PUfa would identify only PUa . like­
wise PU would only identify PU . Each of these PUs c el

would broadcast this information to the network and the 
other PUs which utilize the result(s) of this task would 
determine that PU were in error; they would ignore

EL

PU 's result(s) as well as its error broadcast. Re-cl
execution by PU utilizing stored past data values as

EL

well as new data values can be utilized to determine 
whether a transient fault or a data dependent fault 
had occurred.)

Definition 6.4: Super-Critical Task - A task is
classified as a "super-critical" task if the result 
must be correct in the presence of multiple (m^) 
simultaneous failures and furthermore, this result 
is required in approximately the same time as that 
obtainable without any failures; i.e.,

tmf = tnf^1+e3^ where e3 <<3- (ecJ- 3 )

tmf ^ time for the correct result with m^ 
simultaneous failures

Simultaneous failures are considered here as those 
occurring within the interval of time required to per­
form the "super-critical" task. The number (m) of PUs 
required for a "super-critical" task is m=2m f+l.
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It should be noted that the judicious use of the appro­
priate class of tasks results in an improved overall 
throughput for the SAMSON distributed multiprocessor 
network. This feature makes the SAMSON network ideally 
suited for such applications which have heretofore uti­
lized massive redundancy techniques; e.g., triple 
redundancy, dual-dual, etc. In such massive redundant 
systems, these systems have utilized several processors 
configured so that the entire job is processed by each 
processor. Both the hardware utilization and throughput 
is extremely inefficient, as compared with the total 
hardware and throughput available, since many of the 
processing tasks within the entire job need not be 
redundant, or do not need the same degree of redundancy 
as that required by a very limited number of processing 
tasks.

Equation 4 expresses the degradation in overall through­
put for both the conventional redundant system and the 
SAMSON distributed multiprocessor network, as compared 
to that obtainable with the ideal system.

Degradation: (N-1) T Conventional System (eq. 4a)
(N-K) T SAMSON System (eq. 4b)

where:
T is the throughput (or measure of the computational 

power of each processor)
N is the number of processors in the conventional 

redundancy configuration 
K is the total number of tasks; here a task is con­

sidered one which utilizes all the available real 
time of the PU (the task itself may consist of 
multiple subtasks).
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6.4 DISTRIBUTED OPERATING SYSTEM (DOS)
The DOS knows a priori all input parameters required 
by a task as well as the task classification. When all 
of the parameters required for execution are available, 
the DOS dynamically schedules the task for execution 
on the appropriate number of PUs, from those PUs having 
task copies. The "application PU(s)" assigned to 
execute the application task broadcasts a "task initiate 
message" when the task is initiated; likewise, a "task 
complete message" is broadcast upon completion of that 
task. The initiate message when received by a (task) 
monitor PU, causes the monitor PU to record in its own 
local memory the value of its own interval timer as 
well as the application task identification and the 
"application PU" number. In addition, a programmable 
watch dog timer is started by the monitoring PU. (This 
timer is of both lower resolution and accuracy than 
the interval timer.) Upon receipt of the "task complete 
message" assuming it is forthcoming, each of the 
monitoring PUs determines the present value of their 
interval timer and independently calculates the 
corresponding task processing interval, tTPI.> verifies 
that this value is within the acceptable bounds (both 
the upper and lower limit) previously established and 
recorded in the monitoring PUs local memory. If the 
value of tTPii falls outside the recorded bounds (plus 
the tolerance for asynchronous operation), the monitoring 
PU(s) generate a global error interrupt and broadcasts 
an "error message" indicating that it has identified 
the "application PU" as faulty. If the "application PU" 
fails to generate a "task complete message", the monitoring 
PU watch dog timer will elapse and the monitoring PU
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will likewise globally announce the "application PU" 
as faulty. It should be noted that, in addition to 
the other PUs, the "application PU" always monitors 
itself. Although the previous discussion dealt with 
an "application PU", the same situation holds true for 
a PU performing a network control task.

When a monitor PU determines that a PU is faulty, it 
takes no action other than globally announcing this 
fact. Each PU of the network upon receiving this 
information determines for itself the health status 
of the other PUs. It should be noted that a faulty PU 
need not be disconnected from the network since all 
messages from that PU are ignored. Ignoring the 
faulty PU rather than disconnecting it eliminates the 
need for switching networks otherwise not needed for 
normal system operation. It should be noted that in 
an n out-of m network utilizing unpowered spares 
such switching capability would exist and in such a 
network, the faulty PU could be disconnected. This is 
done here since no additional special hardware is 
required, furthermore, the power dissipation of the 
network is minimized, since all unnecessary activity 
is eliminated, and the network is easier to manage. 
Scheduling is done on the basis of a data driven task 
scheduler having a priori knowledge of the required input 
parameters.

Since the computer utilizes high speed random-access 
memory, program swapping and dynamic memory allocation 
are not required. If read only memories are utilized 
for the program memory, a program is loaded into a
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working partition through power switching techniques;
i.e., powering the selected segment and unpowering the 
previously selected segment. Once a program is "loaded" 
into a working partition, it remains there until a new 
program is requested by the DOS. In the event of a 
failure by one of the participating PUs, the DOS can 
reassign a healthy PU performing a lower priority task 
to the higher priority task being performed by the 
failed PU.

Since the possibility exists that a task may be 
interrupted at any time, due to the detection of a 
fault, all programs require special provisions for re­
start after recovery from that fault. After completion 
of the system repair procedures, the PU performing a 
task may have been replaced; all register contents 
must be assumed to be lost as a result of the failure, 
thus necessitating periodic saving of the processor 
state vector (the multilevel buffering technique 
utilized for the roll-back procedure).

When roll-back is required, a task may have been 
performing one of three types of activities [6.21] : 
arithmetic computations, input-output or nonrepeatable 
events. The recovery procedure is different for each 
of these cases. If an arithmetic computation were 
being performed, the recovery action is to simply 
reestablish the working space in a healthy PU from 
the last valid processor state vector which was 
recorded at the established point of roll-back. If 
an input-output operation were active, the recovery is
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slightly more complex. Here, the input-output media, 
including communications, must be reestablished to the 
point of roll-back before the processor state vector 
can be activated in the newly assigned PU. Execution 
of non-repeatable events can be the most complex 
activity when considering recovery. In some time- 
critical applications, the entire sequence may be 
aborted; this would correspond to a "wave off" on 
landing of an aircraft. In such applications, the 
recovery procedure must first access the user program 
to determine the proper recovery procedure in lieu of 
the application data. (Recovery procedures would be 
different as a function of position, altitude, etc.) 
Other time-critical applications necessitate the 
completion of the entire sequence once having passed 
a critical point in the procedure; this corresponds 
to the final stage of a limited control spacecraft 
landing. In such an application multiple PUs would 
be performing the task; upon detection of a failure 
within one of the PUs one (or more) additional PU(s) 
would be initialized to the present state of one (or 
more) of the functioning PUs and would start processing 
frcm that PSW (processor status word) state.

6.5 ADDITIONAL FAULT TOLERANT FEATURES
In addition to the above mentioned fault tolerant 
characteristics, the SAMSON distributed multiprocessor 
network has other such characteristics. The following 
paragraphs briefly cover these attributes.

The DOS monitors external I/O communications and 
verifies that data received by all participating PUs

228



is consistent. The input data is checked for reasonable­
ness, where possible, by checking the rate of change 
of input variables, checking against limit values for 
these variables, etc. In addition external input data 
is exchanged between participating PUs to verify that 
the exact data is available in each PU; thus, multiple 
PUs can execute the same task, and in the absence of 
failures obtain identical results. This feature facili­
tates verification of proper PU performance.

Dynamic checking is thus provided at the interfaces. 
Furthermore, the interfaces provide a convenient location 
for error checking, including the use of error 
detecting and correcting codes. The dynamic checking 
at the interfaces tend to minimize the amount of 
circuitry required while preserving the data integrity 
essential for reliable recovery.

Additional fault tolerance results from the network's 
ability to perform related tasks simultaneously. Hence, 
complementary tasks (tasks implemented through independent 
procedures) can be processed concurrently; the results 
from these two tasks can be compared to detect faults.
The complementary tasks can both be highly accurate 
or one can simply be a fast rough approximation of the 
other. It should be noted that this procedure detects 
both hardware as well as software malfunctions. These 
malfunctions can be either permanent and/or transient 
hardware errors or generic software errors. Such 
hardware errors are detectable and correctable through 
the monitoring, rollback and recovery procedures 
previously described. Generic errors, although
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detectable,are not correctable; this ambiguity 
cannot be resolved in a real time environment. At 
this time, no clear solution (other than triple comple­
mentary execution) exists to this dilemma. The 
complementary task feature (assuming a fast rough 
approximation is utilized) provides a means whereby all 
tasks, or at least a large majority, can be processed 
despite the need for degraded performance in the 
presence of a relatively large number of failures.

Internal as well as external communications include 
error checking information. Internal communications 
is via the redundant inter-PU links, which are feed­
back to the transmitting PU to verify the integrity of 
the transmission. "Shared data variable" messages are 
communicated between participating PUs via the inter-PU 
links. Reasonableness checks are performed on shared 
variables in the same manner described above for input 
data. External communications is redundant, as required 
by the application. All output data is echoed to 
verify the integrity of these transmissions. As a 
function of the application, inputs can also be echoed 
to verify their integrity.

Self-test procedures {6.22} (see previous section) 
are periodically executed in each PU as a background 
task, to ensure the health of the overall network.
The self-test procedure is partitioned into segments 
allowing execution of the overall procedure to progress 
segment by segment, as background processing time is 
available. In addition, health checking procedures
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are executed and the results verified by another PU 
whenever the health of a PU is in question.

Fault recognition, recovery and reconfiguration are 
under the direct control of the DOS. Fault recognition 
is jointly accomplished by the DOS and the hardware 
facilities of the network. Fault recognition is 
reported by the DOS using global error messages.
Recovery J3.23_ from a fault is accomplished through 
rollback, rescheduling and reexecution of the task.
The DOS saves the present as well as the most recent 
previous value(s) of each significant variable to facilitate 
rollback and reexecution procedures. Finally, recon­
figuration is accomplished by the DOS wherein all PUs 
participate in the adaptive majority voting (6.12] 
mechanism which decides which PUs are failed or non­
failed. These functions are implemented by the DOS P 
and R matrix. The P matrix contains each PU's opinion 
of the status of the other PUs and the majority 
opinion of each PU. The decision regarding PUi is 
derived from the opinions of all other PUs, from the 
transient error record of PUi, self-test results from 
PUi and the health checks performed on PUi. The P 
matrix decisions are utilized by the R matrix to decide 
which PU requests are to be ignored (or in the case 
of an n out-of m, with unpowered spares, which is to be 
turned-off). Once a PU has failed (determined by the 
P matrix), all activity by that PU is ignored using 
the R matrix results.
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6.6 SUMMARY
The SAMSON distributed multiprocessor network possesses 
a high degree of fault tolerance, enabling it to 
achieve graceful degradation of performance despite 
permanent or transient failures. The network can 
even handle multiple failures without degrading system 
performance if it is configured as an n out-of m network.

The usual problems associated with processor switching 
and memory/processor interconnections are avoided through 
the use of an interconnection network which provides 
a high degree of inherent parallelism. In addition, 
the problems associated with central control units, special 
purpose processing elements and shared data buses are 
eliminated in the SAMSON distributed multiprocessor 
network.

Dynamic error detection and buffering of data enables 
expeditious and exact reruns of tasks. These features 
facilitate recovery of the system as well as reconstruc­
tion of the information necessary for continued operation. 
Furthermore, the distributed nature of the operating 
system, the use of a dynamic data driven scheduler and 
the ability for rapid reconfiguration, using the P and 
R matrix information to simply ignore a failed PU, 
results in a flexible fault tolerant system.
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7.0 CONCLUSIONS
In this research work several major problems have been 
addressed, including:

• The architectural design, development, analysis and 
evaluation of a high speed, Multiple-Instruction 
Single Data (MISD), data driven, Simultaneous 
Multiprocessor Organization (SAMSON), including the 
detailed design, implementation, analysis and 
evaluation of the Processing Elements (PEs);

• Developing web structures for the computation of:
the summation of n numbers, the product of n numbers, 
the powers of x, and polynomials of degree n;

• Characterizing and evaluating the throughput 
performance of multiprocessor interconnection networks;

• Achievable Error Detection; and
• Development of a distributed fault tolerant network.

7.1 RESULTS
A SAMSON data-driven multiprocessor system was developed 
in this work which has been shown to improve the compu­
tational execution time by as much as 635% (over that 
obtainable with a uniprocessor) while maintaining an 
overall hardware utilization of over 90%. In addition, 
the system demonstrated the desired decreasing execution 
time (with the increasing number of PEs) even for pro­
grams written for uniprocessor execution.

Likewise, the web results obtained in this work met the 
desired goals. Specifically, the web results for a 
polynomial of degree n are better (in terms of execution 
speed) than those obtained with the k-th order Horner's 
Rule, Estrin's Method, Tree Method or Folding Method.
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The throughput performance analysis of the interconnec­
tion networks studied in this work supported the original 
research proposal assumptions that a timed-shared bus 
would meet the needs of the SAMSON system. In fact, the 
results obtained show that below bandwidth limiting 
there is little degradation in its performance as com­
pared with the ideal network. These results agree with 
those obtained by Danielsson and Gudmundsson £7.l] .

Furthermore, achievable error detection (through self-test 
software) of 100% within the constraints described (see 
Section 5.4.10) was obtained and verified for the Pro­
cessor Element through actual testing on a SAMSON PE. 
Finally, a distributed fault tolerant network architecture 
was proposed having (k-1) times the throughput of a con­
ventional Triple Modular Redundant (TMR) system (where 
k is the total number of tasks).

7.2 SUGGESTED FUTURE RESEARCH
Future research in the area of multiprocessing and fault 
tolerance within such networks is limited only by the 
imaginativeness of the researcher. Potential areas for 
future research include:

• Optimal Scheduling Strategies for Multiprocessors
• Dynamic Multiprocessor Scheduling
• Development of Techniques for Recognition of Tasks which 

can be Processed in Parallel
• Development of the Requirements for, as well as the

Development of, an Efficient SAMSON Operating System
• Development of a Detailed Distributed Operating System 

(DOS) for the Fault Tolerant SAMSON Network
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• Performance Evaluations of Fault Tolerant Multiprocessor 
Systems

• Performance Evaluation of Programs written for Parallel 
Processor Execution

• Development of a Detailed Queuing Model of the SAMSON 
system
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APPENDIX A 
TABLE A-I

INSTRUCTION REPERTOIRE

BASIC INSTRUCTION SET 
MEMORY REFERENCE INSTRUCTIONS
(These can refer to any one of four accumulators)

Mnemonic Description
ADD Add Memory to Accumulator
SUB Subtract Memory from Accumulator
CMP Compare Memory with Accumulator and Skip

0 if Equal; Skip 1 if Greater; Skip 2 if Les
LOAD Load Accumulator from Memory
STO Store Accumulator in Memory
JU Jump (Unconditional)
JSAO Jump to Subroutine; Store return address 

Accumulator Zero
in

JSA1 .T um p to Subroutine; Store return address 
Accumulator One

in

JSM .T »m p to Subroutine; Store return address 
start of Subroutine

at

INTER-REGISTER INSTRUCTION
(These can refer to any two of the 16 accumulators)
Mnemonic Description
ADDR Add Inter-Register
IAR Immediate Add Inter-Register
SUBR Subtract Inter-Register
CMPR Compare Inter-Register, and Skip 0 if Equal; 

Skip 1 if Greater; Skip 2 if Less
MPY Multiply
DIV Divide
DECEQ Decrement and Skip if zero
DECNE Decrement and Skip if not zero
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Table A-1 con 11

Mnemonic Description
TRA Transfer
IR Interchange Registers
AND Logical AND
OR Logical OR
LCM Logical Complement
ACM Arithmetic Complement

SHIFT INSTRUCTIONS
(These can refer to any of the 16 accumulators)

Mnemonic Description
SLSL Shift Left Short Logical
SRSL Shift Right Short Logical
SLSA Shift Left Short Algebraic
SRSA Shift Right Short Algebraic
RLS Rotate Left Short
SLLL Shift Left Long Logical

(Long - Double Word Length * 32 bits)
SRLL Shift Right Long Logical
SLLA Shift Left Long Algebraic
SRLA Shift Right Long Algebraic
RLL Rotate Left Long
SKGT Skip of Accumulator greater than zero
SKLE Skip if Accumulator less than or equal to zero
SKGE Skip if Accumulator greater than or equal to

zero
SKLT Skip of Accumulator less than zero
SKEQ Skip of Accumulator equal to zero
SKNE Skip if Accumulator not zero
SSOV Skip if Overflow Set
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Table A-l con't

Mnemonic Description
SROV Skip o Overflow Not Set
SSIE Skip i Interrupt Enable Set
SRIE Skip i Interrupt Enable Not Set
SSF1 Skip i Flag 1 Set
SRF1 Skip i Flag 1 Not Set
SSF2 Skip i Flag 2 Set
SRF2 Skip i Flag 2 Not Set
STIR Skip i Interrupt Request True
SFIR Skip i Interrupt Request False
STE1 Skip i External 1 True
SFE1 Skip i External 1 False
STE2 Skip i External 2 True
SFE2 Skip i External 2 False
STE3 Skip i External 3 True
SFE3 Skip i External 3 False

CONTROL INSTRUCTIONS
Mnemonic Description
CONT Modify Status of Flag 1, Flag 2,Overflow,

and Interrupt Enable
CLAO Clear Overflow and Specified Accumulator
CLA Clear Specified Accumulator
NOP No Operation
HALT Halt
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Table A-l con't

INPUT/OUTPUT INSTRUCTIONS
(These can refer to any of the 16 accumulators)
Mnemonic Description
OD Output Data from Accumulator
OSR Output Data from Accumulator and Skip if Ready
ID Input Data to Accumulator
ISR Input Data to Accumulator and Skip if Ready
OC Output Control
ISW Input Switch Register to Accumulator

EXPANDED INSTRUCTION
(These instructions are only available in the SAMSON-A PE) 

DOUBLE PRECISION INSTRUCTIONS
(These can refer to any two adjacent pair of the 16 accumulators)

Mnemonic Description
DACM Double Precision Arithmetic Complement
DADDR Double Precision Add
DSUBR Double Precision Subtract
DMPY Double Precision Multiply

LOGICAL INSTRUCTION
(This can refer to any two of the 16 accumulators)

Mnemonic Description
EXOR Exclusive OR
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Table A-l con't

MULTIPLE REGISTER MEMORY REFERENCE INSTRUCTIONS
(These can refer to any number of the consecutive (16) accumulators)
Mnemonic Description
LDM Load Multiple Registers from Memory
STM Store Multiple Registers in Memory

STACK INSTRUCTIONS
Mnemonic Description
JSS Jump to Subroutine and Push Stack
RPS Return from Subroutine and Pop Stack

SATURATE INSTRUCTIONS
Arithmetic instructions can be operated in the saturated 
mode, forcing results to be limited, in the case of an 
overflow, to the most positive or negative number represent­
able.
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Table A-2

INSTRUCTION EXECUTION TIMES: (TIME IN uSECS)
BASIC INSTRUCTIONS

MEMORY REFERENCE INSTRUCTIONS

INSTRUCTION ADDRESSING MODE
TYPE BASE REL P/A0/A1 INDIRECT

ADD 0.6+2T 0.8+2T +0.4N+TN
SUB 0.6+2T 0.8+2T +0.4N+TN
CMP A-M 1.0+2T 1.2+2T +0.4N+TN

A>M 1.2+3T 1.4+3T +0.4N+TN
A<M 1.4+4T 1.6+4T +0.4N+TN

LOAD 0.6+2T 0.8+2T +0.4N+TN
STO 0.6+2T 0.8+2T +0.4N+TN
JU 0.6+3T 0.8+3T +0.4N+TN
JSAO 0.8+2T 1.0+2T +0.4N+TN
JSA1 0.8+2T 1.0+2T +0.4N+TN
JSM 1.0+2T 1.2+2T +0.4N+TN

NOTE: N IS THE NUMBER OF INDIRECT LEVELS.
INTERREGISTER INSTRUCTIONS INTERREGISTER INSTRUCTIONS (Cont’d)
ADDR 0.2+T IR 0.8+T
IAR 0.8+T CLA 0.8+T
SUBR 0.2+T AND 0.2+T
CLAO 0.2+T OR 0.2+T
CMPR A*D 0.6+2T LCM 0.2+T

A>B 0.8+3T ACM 0.2+T
A<B 1.0+4T

MPY 1.4+T
DIV 7.75+T AVER

(7.6+T 8.0+T)
TRA 0.2+T

T = (Memory Cycle Time) - 130 nsec if the memory cycle time 
exceeds 200 nsec; otherwise, T=0



Table A-2 con't

SKIP INSTRUCTIONS
DECEQ 0.8+T
DECNE 0.8+T
SKGT o .8+T

1.0+T
SKLE 0.8+T

1.0+T
SKGE 0.8+T
SKLT 0.8+T
SKEQ 0.8+T
SKNE 0.8+T
SKIP ON DIRECTION 0.8+T

LESS THAN 
GREATER OR EQUAL 
LESS THAN 
GREATER OR EQUAL

CONTROL INSTRUCTIONS
CONT 0.4+T
NOP 0.2+T

SHIFT INSTRUCTIONS
SLSL 0.4+0.2S+T
SRSL 0.4+0.2S+T
SLSA 0.4+0.2S+T
SRSA 0.4+0.2S+T
RLS 0.4+0.2S+T
SLLL 0.4+0.2S+T
SRLL 0.4+0.2S+T
SLLA 0.4+0.2S+T
SRLA 0.4+0.2S+T
RLL 0.4+0.2S+T
S IS THE NUMBEP OF SHIFTS

INPUT/OUTPUT INSTRUCTIONS
ISW 0.4+T
OD 1 .0+T
OSR 1.0+T: NOT READY

1.4+T: READY
ID 1.0+T
ISR l.O+T: NOT READY

1.4+T: READY
OC 0.8+T
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Table A-2 con't

LOGICAL
INSTRUCTION

TYPE
EXOR 0.2+T

DOUBLE PRECISION
INSTRUCTION 

TYPE
DACU
DADDR
DSUBR
DMPY

0.6+2T
0.4+T
0.4+T
13.6+2T-*-20. 2+2T

MULTIPLE REGISTER MEMORY REFERENCE INSTRUCTIONS
INSTRUCTION

TYPE BASE_______________ REL P/A0/A1__________INDIRECT
LDM 1.2+4T+0.2A+TA 1.2+4T+0.2A+TA +0.4N+NT
STM 1.2+4T+0.2A+TA 1.2+4T+0.2A+TA +0.4N+NT

STACK INSTRUCTIONS 
INSTRUCTION

TYPE BASE___________ REL P/AO/A1____________INDIRECT
JSS 1.6+3T 1.8+3T +0.4N+NT
RPS 1.4+4T

NOTE: N-NUMBER OF INDIRECT LEVELS
A-NUMBER OF ACCUMULATORS



Table A-2 con't 

EXPANDED INSTRUCTION EXECUTION TIMES

SATURATE INSTRUCTIONS
MEMORY REFERENCE

INSTRUCTION
TYPE BASE

NO OVFL 
REL P/A0/A1 INDIRECT

ADD 0.8+2T 1.0+2T +0.4N+TN
SUB 0.8+2T 1.0+2T +0.4N+TN

INSTRUCTION
TYPE BASE

OVFL 
REL P/A0/A1 INDIRECT

ADD 1.4+4T 1.6+4T +0.4N+TN
SUB 1.4+4T 1.6+4T +0.4N+TN

INTERREGISTER
INSTRUCTION

TYPE
ADDR
SUBR
IAR
CLAO
DADDR
DSUBR
SLSA

NO OVFL
0.8+3T
0.8+3T
0 .8+T
0.8+3T
0.6+T
0.6+T
0.4+0.2S+T

SLLA 0.4+0.2S+T

OVFL
0.8+3T
0.8+3T
0.8+T
N/A
1.4+3T
1.4+3T
0.8+0.2S'+T
1.0+0.2S+2T OVFL ON LAST SHIFT 
1.0+0.2S'+3T

NOTE: N-NUMBER OF INDIRECT LEVELS
S-NUMBER OF SHIFTS 

S'“NUMBER OF SHIFTS WHICH CAUSES OVFL TO OCCUR
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Appendix B 
Table B-l 

Normalized Execution Time 
for the Strapdown Guidance Program

Task 
STG1:

STG2:

Number Normalized
of PEs Exec. Time

1 1
2 . 65 68
3 . 58 ■*. 60
4 .58

Number Normalized
of PEs Exec. Time

1 1
2 .64
3 .52
4 .49
5 .49
6 .41
7 CO 00
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Task 
STG3:

STG4

Table B-l
Normalized Execution Time

for the Strapdown Guidance Program

Number Normalized
of PEs Exec. Time

1 1
2 .66
3 .57

Number Normalized
of PEs Exec. Time

1 1
2 .81
3 .63
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Table B-l
Normalized Execution Time

for the Strapdown Guidance Program

Task
STG5:

STG5
Alternate:

Number Normalized
of PEs Exec. Time

1 1
2 .50
3 .33
4 CO CO

5 .33
6 .17

Number Normalized
of PEs Exec. Time

1 1
2 .50
3 .33
4 .33
5 00CO

6 .17

STG6 Number Normalized
of PEs Exec. Time

1 1
2 .65
3 .60
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Task 

0NS1:

Table B-2
Normalized Execution Time

for the Omega Navigation Program

Number 
of PEs

Normalized 
Exec. Time

1 1
2 .67
3 .44
4 .42
5 .41
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Table B-3
Normalized Execution Time
for the Diagnostic Program

Task
DGN1: Number Normalized

of PEs Exec. Time
1 1
2 .64

DGN2: Number Normalized
of PEs Exec. Time

1 1
2 .72
3 .69
4 .68
5 01 00
6 .66

DGN3: Number Normalized
of PEs Exec. Time

1 1
2 .65

DGN4 : Number Normalized
of PEs Exec. Time

1 1
2 .81
3 .65
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Table B-3
Normalized Execution Time
for the Diagnostic Program

Task
DGN5: Number Normalized

of PEs Exec. Time
1 1
2 .86

DGN6 : Number Normalized
of PEs Exec. Time

1 1
2 .81

DGN7: Number Normalized
of PEs Exec. Time

1 1
2 .75
3 .68

DGN8 : Number Normalized
of PEs Exec. Time

1 1
2 .69
3 .67
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Table B-3
Normalized Execution Time
for the Diagnostic Program

Task
DGN9: Number Normalized

of PEs Exec. Time
1 1
2 .59
3 .56
4 .41

DGN10: Number Normalized
of PEs Exec. Time

1 1
2 .71
3 .50

DGN11: Number Normalized
of PEs Exec. Time

1 1
2 .64

DGN12: Number Normalized
of PEs Exec. Time

1 1
2 .62
3 .55
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Task
DGN13:

DGN14:

DGN15:

Table B-3
Normalized Execution Time
for the Diagnostic Program

Number Normalized
of PEs Exec. Time

1 1
2 .64
3 .61

Number Normalized
of PEs Exec. Time

1 1
2 .71
3 .64
4 .64
5 .64
6 .61

Number Normalized
of PEs Exec. Time

1 1
2 .66
3 .59
4 .49
5 .49
6 .49
7 .49
8 .46
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Table B-3
Normalized Execution Time
for the Diagnostic Program

Task
DGN16: Number Normalized

of PEs Exec. Time
1 1
2 .59
3 .52
4 .48
5 .44

DGN17: Number Normalized
of PEs Exec. Time

1 1
2 .91

DGN18: Number Normalized
of PEs Exec. Time

1 1
2 to

3 .61
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Table B-4
Hardware Utilization

for the Strapdown Guidance Program

Task 
STG1:

STG2:

Number % Individual PE Utilization % Total
of PEs 1 2 3 4 Utilization
1 100 - - - 100%
2 100 48 - - 74
3 100 44-57 16-17 - 54-58
4 100 48-57 17 0-9 43

Number % Individual PE Utilization % Total
of PEs 1 2 3 4 5 6 7 Utilization
1 100 - - - - - - 100
2 100 57 - - - - - 78
3 100 47 44 - - - - 64
4 100 50 29 24 - - - 51
5 100 32 24 24 24 - - 41
6 100 32 29 29 29 29 - 41
7 100 35 31 31 31 31 8 38
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Table B-4
Hardware Utilization

for the Strapdown Guidance Program

Task % Individual PE
STG3: Number Utilization % Total

of PEs 1 2  3 Utilization
1 100 - 100
2 100 51 76
3 100 59 16 59

% Individual PE
STG4: Number Ut ilization % Total

of PEs 1 2  3 Utilization
1 100 - 100
2 100 23 62
3 100 30 30 53

Number % Indiviudal PE Utilization % Total
of PEs 1 2 3 4 5 6 Utilization
1 100 - - - - - 100
2 100 100 - - - - 100
3 100 100 100 - - - 100
4 100 100 50 50 - - 75
5 100 50 50 50 50 - 60
6 100 100 100 100 100 100 100
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Table B-4
Hardware Utilization

for the Strapdown Guidance Program

Task
STG5
Alternate:

STG6 :

Number % Individual PE Utilization % Total
of PEs 1 2 3 4 5 6 Utilization
1 100 - - - - - 100
2 100 100 - - - - 100
3 100 100 100 - - - 100
4 100 100 100 100 - - 100
5 100 88 88 88 88 - 90
6 100 100 100 100 100 100 100

Number 
of PEs

% Individual PE Utilization 
1 2  3

% Total 
Utilization

1 100 - - 100
2 100 54 - 77
3 100 58 8 56
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Table B-5
Hardware Utilization

for the Omega Navigation Program

Task 
0NS1: Number % Individual PE Utilization % Total

of PEs 1 2 3 4 5 Utilizat ion
1 100 - - - - 100
2 100 50 - - - 75
3 100 74 56 - - 77
4 100 72 58 7 - 59
5 100 75 60 7 4 49
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Task 
DGN1:

DGN2:

DGN3:

DGN4:

Table B-6
Hardware Utilization

Number 
of PEs

for the Diagnostic Program

% Individual PE Utilization 
1 2

% Total 
Utilization

1
2

Number 
of PEs

100 - 
100 57

% Individual PE Utilization 
1 2 3 4 5 6

100
79

% Total 
Utilization

1 100 - 100
2 100 39 - 70
3 100 37 8 48
4 100 38 6 4 37
5 100 35 6 4 2 - 29
6 100 36 6 4 2 2 25

Number °r Individual PE Utilization % Total
of PEs 1 2 Utilization
1 100 - 100
2 100 53 77

Number % Indiviudal PE Utilization % Total
of PEs 1 2  3 Utilization
1 100 - 100
2 100 24 62
3 100 29 24 51
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Table B-6
Hardware Utilization

Task
DGN5: Number 

of PEs

for the Diagnostic Program

% Individual PE Utilization 
1 2

% Total 
Utilization

1
2

DGN6 : Number 
of PEs

100 - 
100 17

% Individual PE Utilization 
1 2

100
59

% Total 
Utilization

1
2

DGN7: Number 
of PEs

100 - 
100 23

% Indiviudal PE Utilization 
1 2  3

100
62

% Total 
Utilization

1
2
3

DGN8 : Number 
of PEs

100 - 
100 33 
100 37 11

% Individual PE Utilization 
1 2  3

100
67
49

% Total 
Utilization

1
2
3

100 - 
100 45 
100 47 3

100
73
50
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Task 
DGN9:

DGN10:

DGN11:

DGN12:

Number 
of PEs

Table B-6 
Hardware Utilization 

for the Diagnostic Program

% Individual PE Utilization 
1 2  3 4

% Total 
Utilization

1 100 - 100
2 100 70 85
3 100 47 32 60
4 100 64 43 36 61

Number % Individual PE Utilization % Total
of PEs 1 2  3 Utilization
1 100 - 100
2 100 40 70
3 100 57 43 67

Number % Individual PE Utilization % Total
of PEs 1 2 Utilization
1 100 - 100
2 100 57 79

Number 
of PEs

Individual PE Utilization 
1 2  3

% Total 
Utilization

1 100 - - 100
2 100 62 - 81
3 100 70 13 61
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Task 
DGN13:

DGN14:

DGN15:

Table B-6 
Hardware Utilization 

for the Diagnostic Program

Number 1 
of PEs

f? Individual PE Utilization 
1 2  3

% Total 
Utilization

1 100 - - 100
2 100 56 - 78
3 100 59 6 55

Number % Individual PE Utilization % Total
of PEs 1 2 3 4 5 6 Utilization
1 100 - - - - - 100
2 100 40 - - - - 70
3 100 39 17 - - - 52
4 100 39 11 6 - - 39
5 100 33 11 6 6 - 31
6 100 35 12 6 6 6 27

Number 
of PEs

Individual 
1 2  3

PE Utilization 
4 5 6 7 8

°C Total 
Utilization

1 100 - - - - - - - 100
2 100 52 - - - - - - 76
3 100 42 29 - - - - - 57
4 100 45 35 25 - - - - 51
5 100 45 35 20 5 - - - 41
6 100 45 30 20 5 5 - - 34
7 100 40 30 20 5 5 5 - 29
8 100 42 32 21 5 5 5 5 27
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Table B-6
Hardware Utilization

for the Diagnostic Program

Task
DGN16: Number 

of PEs
% Individual PE Utilization 
1 2 3 4 5

% Total 
Utilization

1
2
3
4
5

DGN17: Number 
of PEs

100 - 
100 64
100 71 21 - 
100 69 23 15 
100 75 25 17 8

Individual PE Utilization 
1 2

100
85
64
52
45

% Total 
Utilization

1 100 - 100
2 100 10 55

DGN18: Number Individual PE Utilization % Total
of PEs 1 2  3 Utilization
1 100 - 100
2 100 48 74
3 100 53 10 55

279



280

Table B-7 
% Accumulator Usage

Program AO A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 All A12 A13 A14 A15
Total

References

STG 45.0 18.5 4.6 17.8 .6 .2 .2 .2 .5 .5 .9 — .2 .5 2.6 1.6 1249

DON 24.0 24.0 16.3 11.7 7.8 2.9 3.0 2.2 .9 .9 1.6 1.1 .6 1.3 .6 1.1 938

ONS 17.9 3.6 33.2 28.7 3.7 3.3 3.7 3.3 1.7 .1 .8 — - 19627



281

(
1 ) AO * 1 3IOOS *1 * 156 A2 - 161665 A3 •

A5 « 0 IS • 1775 11 A6 » 171556 AT *
AS » 17752A A9 • 177557 AID* " 177351 All.

{ A12* 1 7 73AI A13« 53775 A15* 177351 AI5*
OVERFLOW » SET INI . ENABLE * REST FLACI * REST
TINE* 7C9. 5

o

() IINE INS! AC CBJ WO SOURCE CARO LET AO IIF AO
552 I3SA 100552 SllA 21 2
553 13SI 105113 SSCV 1353 1360 A0C2

(1 AAA 1360 5002 A DOR 0. 2
AAS 1361 100550 SLLA 2. 0
AAt - 1362 105710 SSOV - 11*3--- ---1363“ A 002 “

1 1 AA7 1363 5CC2 ACCR 0, 2
AAR 1 36 A 3551 NIL 2. 1 * • - -
AA9 136S 5C02 ADOR 0, 2

(1 A50 1366 3553 RLL 2. 3 ....... .
AST 1367 5CQ2 AOOR C. 2
552 - 1370 3550 RLL 2. 0 — -- --- ---

( 553 1371 AC02 AOOR 0, 2
ASA 1372 I02A5C SLLL 2. o ----- ■------ -- --
ASS 137! 5002 AOOR 0. 2

: ■ A56 137A 106550 SRLL 2. c — -- - _ . —
A57 1375 A002 AOOR 0. 2

- ' ASP 1376 105550 SRC A 2. o----- ----- -
t ASS 1317 ACO? ACOR 0. 2

A60 1AOO 105AAI SOLA 2. 1 . --- -----.
A61 IA0I 5002 AOOR C. 2

l • A67 1A02 105AA3 SRLA 2. 3 _ _ ■- .......
A63 1A0) 5002 ACDR 0, 2

—  A6A ■ 1A0A 106551 SRLL 2, 1 -- ■ -----—
, A6S 1A0S 500 2 ACOR C. 2

A66 lAoe 106552 SRLL 2. 2 - ■ ■ - —  '
A67 IA07 3I10A SUB 2. 1CA 105 1 7732

I A6C 1A10 31505 SUB 3, ICS |C5 16165C
569 1A1 1 30106 SUB 0. 106 1C6 262C
A70 1512 107052 SKNE 2. 1A 15--- —  1513 107061“

i ATI 1A1 3 10IC61 SKNL * 1515 1515 1CS001
A72 1A1 A 105001 SKEC 0. 1516 1516 11152
AT3 1516 11152 JSA1 152 152 1

i A7A 1A2 1 TRA 0. 1 - - -
A75 153 22253 AOO 0. • REL 6 13332
A76 1AA - 62252 SIU 01 ----1REL --- e“ 15751

i AT 7 IAS 17000 JSAI 0.1 1517 5C1C7
ATR 1517 50107 ICAO c. 107 1C7 1CC0CC
A 79 IA20 AO IRA 2, C

L ARO 1A2I 1100 LCN A. 0
AS! 1522 125 IRA 5, A■ AR2 1523 IC2121 SLSL . 5. 1 ‘ * -- ----------

I. AA3 IA2A 5502 PPV 0. 2ABA 1525 60CA SURR C. A
ARS 1526 6025 SUBH 1. 5

( ARE 1527 107001 SKNC 0, IA31 1A3C 1C502I
ART 1530 1C5021 SKEO 1. 1532 1532 5CC5C~ ARR 1532 30C5C LCAC 0. 50 AC I21C13
A89 1533 5550 HP 7 2. 0
AMO 1535 5050 AOOR 2. 0

Al*l r
nr.N simii.ation

153520 117501176712 '-----55513 FIAG2 > REST

1 AO 1 (All IA2I (All IRECI (REG 1 OV
107327 16500 NO

50335 ------ .... 1C7327 . -  --------- - - ------- OV
107327 16500 NC

IAT663 107327 NC
16656 35201 ....... ■ " -

166551 16656 NO
166561 152010 ”■ " ■ ■ '.......

1SS322 166561 • NC
155322 166561 ' —  — .-----------------------

IAAIC3 166561 NO
166561 152010 _  - . . —

132665 166561 NO
166561 152010 - - - - - . _

121555 166561 NO' 166561 152010 ■■ ......... ....
110226 166561 NC

173270 165005
103516 173270 NC

177327 16500
103055 17732? NO, ~ 77553 107250 —

2620 77553 NO
' 17732 161650 -

0 NC
0 NO

0 ___________ ■ ---Q" __  . ______ ______________________________________________ Nl

0
0

1511
‘ 1517 - - - ------------- .

15751 NO
I5T5I --- ------- ------ ---------- —

156
10000C -

100000 .
5- T7TTT
5« 77777_  - . --- 5.177776 -

77777 177776 100000
C A* 77777 NO

0 5.|77»76 NO
0

0
127073 ■ -- - - - ------  — -- - - ■ - .... - - -
127C73 50705 0
127073 0 NC
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APPENDIX E
STG TRACE

START—AT—OCTAL P=~40Q*.)t

PBO&RAW— E-wfFvA-. 
C O U N T E R

-I5T-
ACC

- H & 7-

2 5 6
2 3 - 7 -

tAST—  
READ 
■aisT-- 
1ST

- AC-C-.—

-tAST---2ND— LAST---- trA ST—
WRITE ACC READ WRITE
-e-tsf-
1ST 
-AC6 v

1 5

— D-IST' 
2 N D  

------Aee-r

-trtST-
2 N D
-ACCt-

261
- 2 6 + - 1 5

- -+/-G-INSTRUCT I QH . ADDR . =-- P5-
WHAT IS DATA (OCTAL REPR.)? TERMINATE WITH /(SLASH)

- 2 6 2 -
0

-0-
263
r* c  r

26 7

0 0
-0- -e— — V

122
C.

“5-
271 

 272 ++- ++-
6 IA 

-2-74- cl A 3
ij

-G-
275
-2+6-
277

-2-7+-

w O CD
-24+-

279 
I  t4-j I H EGT r- i

O P ER A N D A T :

- 3 + 6 -
0

-6-

5
-0-

6
-er

 + 2 3 -
424

-4-2-5-
19

- & 0-

15
-ee-

2
_V-

1 9
-znr

15

426
IND-IRECTr-

C P c. H a ND A T :
... ---------------- R

4 27
 424----

429 
I r/OTR-ECT-r ■

Fr

-5-73- 0-
0

+ 5 ~
— 3-  

0
-22-

0
22-

fr
O P E P A N D  A T :

430
■-*51-

432
433
434 
435- 
437 
4 3 5
433 
434" 
436 
437-
434

rr

t :

ft

- fr
t •

-5T2-
461
460
237

'4-33 
25 4

4io

1
1-4-
1
3

74
1

14
_  j-

9
-25-

0
... 7 .

2

— 1---
10
■25---

1
7

- 3 - - -

4

4

0
- f
0
\ r

0
-e~
1
£T"
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