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Introduction

This report is a follow-on to RADC-TR-75-73 "Timing Figures for
Inverting Large Matrices Using the STARAN Assnciative Processor' [1].
In that report an algorithm and timing figures were developed for the

inversion of the A matrix in the system of linear equations
AX = B.

In this report the results of another phase of the overall effort are
presented; that of actually inverting matrices utilizing Gauss elimination
on STARAN. For introductory material on the project, associative processor
applications and matrix inversion refer to [1] which is available from
the Defense Documentation Cencer in Alexandria, Virginia (AD A009643).

In this report some background on STARAN is provided along with the
utilization of the Rome Air Development Center Associative Processor
(RADCAP) facility of which STARAN is a part. The matrix inversion
process in general, and a matrix inversion application program in particular,

are also discussed

RADC STARAN

The intent of this section is to acquaint the reader with RADCAP.
To accomplish this it is divic:d into three subsections. In the first
subsection an overview of t!:: “TARAN architecture is presented; next,
the functional units utiliz:d by the matrix inversion program are dis-
cussed in detail; and the final subsection gives the procedure for
submitting a job to STARAN.
1. An Overview

Shown in Figure 1 is a general block diagram of the STARAN architec-

ture. As indicated in the figure the basic components are the associati+-
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array, response store, common register, AP control unit, AP control
memory, sequential control, sequential control memory, external function
logic, PIO control, and PIO flip. In this report the term Associative
Processor will be used to include all of these units.

The associative array is a hardware unit in which data are stored.
With STARAN the basic array size is 256 x 256. That is, there are 256
words, and each word is 256 bits in length. The RADC STARAN configuration
has four (4) arrays, thus yielding a total array size of 1024 words with
each word being 256 bits in length or 1024 x 256 = 262,144 total bits of
array memory.

Associated with each word of the array is a three bit response store.
It provides arithmetic capabilities, read/write capabilities and an indi-
cation of the results of logical operations. It is also used for masking
words that are not desired in a particular parallel operation.

The common register is 32 bits long and is used in various arithmetic
and search operations on the data in the array. It is also used for load-
ing the array in a "parallel by bit," "serial by word" basis.

Among other things, the AP control unit directs the execution of
the instructions that are stored in the AP control memory, which contains
all or part of the user program that is being executed.

The PIO control unit controls the PIO flip network which can shift
and rearrange data so that parallel arithmetic, search and logic operations
can be performed in a variety of ways among the words of the array modules
assigned to it. While AP control is processing data in some array modules,
PIO control can input and output data in other array modules.

System diagnostics and peripheral devices are handled by sequential




control, a Digital Equipment Corporation (DEC) PDP-11 minicomputer.

Associated with sequential control is the sequential control memory.

Synchronization of the three control units, AP control, PIO control
and sequential control, is coordinated by the external function (EXF)
logic.

The AP has a large number of search and arithmetic instructions. In
terms of search there are several instructions that can be executed that
process all activated words in the array. Some of these are equal
(exact match), next higher, next lower, maximum, minimum, less than or
equal to, less than and greater than. As an example consider an exact
match search. The word that is to be used as the search criteria is
placed in the common register. (Actually, the common register may have
to be loaded up to eight times since it is only 32 bits long.) The word
is then compared on a bit slice basis with each activated word in the
array. Those that match on all 256 bit slices (or any prescribed subset
of the 256) will be flagged in the response store. These words will
have the same content as the one in the common register (for the prescribed
subset of the 256). The responders can then be processed as prescribed
by the program. The other search instructions are processed in a similar
fashion.

The arithmetic instructions include add, subtract, multiply or
divide one field by another field and place the result in a third field.
This is done on an intraword basis with all activated words taking place
in the operation simultaneously. Also, these operations can be performed -
between the common register and any prescribed field in the array. As

an example, suppose there are two columns of numbers XpseeesX1094 and




Yyseeo2Y1024 and one would like to perform the following operation:’
Xy + Yy = %4 for i = 1,...,1024. With a single instruction, all pairs
of x and y values could be added simultaneously and the resulting z
values placed in a third field.

In addition, one can add, subtract, multiply or divide any field by
a scalar. For example, suppose one would like to obtain 2xi for
i=1,...,1024. 1In this case one would multiply the Xy by the number in

the common register (two), and obtain the result in the same or an

additional field.

2. STARAN Details

Shown in Figure 2 is a block diagram of STARAN as utilized by the
matrix inversion program. Each of the blocks is discussed in detail
in the following paragraphs.

The matrix inversion program and the matrix data are stored as
segments in MULTICS. At execution time, they are moved from MULTICS
to the PDP-11 disk. The program and data for STARAN execution are
loaded into AP control memory from the PDP-11 disk. After execution,
output is moved from STARAN via the PDP-11 disk to MULTICS and stored as
a MULTICS segment. Details of these steps are included in the third
subdivision of this section.

In addition to providing the communication link between MULTICS and
STARAN, the PDP-11 has other functions. Assembly and debugging of STARAN
programs are handled by the PDP-11 as well as housekeeping functions,
STARAN maintenance and STARAN diagnostics. Also, the PDP-11 provides

the means to initially load AP control memory with the previously assembled

object module and any required data.
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As shown in Figure 3, AP countrol memory is partitioned into several
sections: the Page Memories, the High Speed Data Buffer (HSDB) and Bulk
Core Memory. The three Page Memories each have 512 32-bit words and
use solid-state elements which have cycle times of less than 200 nano-
seconds. Page 0 is used to store a subroutine library. Pages 1 and 2
are used in a ping-pong fashion; that is, AP control reads instructions
from one page while the other page is being loaded by the program pager.
Each memory has a port switch to prevent premature access before it is
loaded.

The HSDB is a 512 32-bit memory which also uses solid state elements
whose cycle times are less than 400 nanoseconds. Its purpose is to
provide a convenient place to store data and instructions for quick
access.

The Bulk Core Memory has 16,384 32-bit words of storage; it is
composed of nonvolatile core with a cycle time of less than one micro-
second. Bulk Core Memory is used to store the assembled program and j
any data required by the program. |

The primary function of AP control is to control the associative |
arrays as directed by instructions stored in AP control memory. Shown
in Figure 4 is a detailed block diagram of AP control as it appears in
[4] on page 1-10. AP control fetches an instruction from AP control
memory and places it in a 32-bit instruction register; the address of

~ the instruction is contained in a 1l6-bit program counter. A’ control

consists of nine basic elements which are discussed below.
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1)

2)

3)

4)

5)

Instruction Register: The instruction register contains the

instruction being executed, loaded from AP control memory via
the instruction bus.

Program Control: The program control logic, composed of the
program counter (PC), the start loop marker, the end loop marker,
the comparator and the status register (IMASK), controls the
sequence in which instructions are obtained from AP contiol
memory.

Bus Logic: A common data path for all pertinent registers of
AP control and the data bus from memory is provided by the bus
logic. The bus is 32 bits wide and the bus shift logic can be
used to shift data as it is moved.

Block Transfer Control: The block transfer control is composed

of two registers. The Data Pointer Register (DP) contains the
control address for the data bus for block transfers. The
Block Length Counter (BL) controls the length of a data block
transfer. Both of these registers are 16 bits in length. 1In
addition to the above function, they can be combined together
or used individually for incrementing or decrementing counters
stored in AP control memory.

Common Register: Data to be loaded into the arrays from AP
control memory and output data from the arrays to AP control
memory pass—-thru the common register. In addition, arguments
for search operations are placed in the common register. The
common register is also used to broadcast input to the response

registers of all four arrays simultaneously.

10




6)

7)

8)

9)

Field Pointers and Length Counters: Field pointers one and

two (FP1, FP2) are used for indirect addressing of the arrays;
FP1 is loaded with the array number and FP2 is loaded with the
number corresponding to the word or bit slice desired. The two
field length counters (FL1, FL2) are used as counters for
branching and loop instructions. Field pointers three and

E (FP3, FPE) are used for array bit or word addresses; FPE is
also used during multiply and divide routines and to store shift
constants. All of the above registers are 8 bits long.

Response Store Control: The control signals required by the

associative arrays and buffers for correct timing are generated
by the response store control The response store control
consists of the control line conditioner and control line
buffer.

Array Control: The array control logic selects the arrays to
be used and controls such things as bit/word mode, mask
operations and shifting. The array select register (AS) is a
32-bit register used to enable the desired array(s). A ome
in the bit position corresponding to the array number enables
the array. Bit slice or word slice addressing is controlled by
the array address mode. The shift logic required for shifting
and mirroring operations is generated by control signals from
the flip/shift control.

Resolver: Resolver logic is used to find the array address

and word address of the first responder of some search o

11
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As indicated earlier, the four associative arrays are each organized
as a square 256 words by 256 bits of solid-state storage. Access to the
arrays is possible in either the word or the bit direction. The arrays
may be operated on individually, 'all at once or in various combinations
as enabled by the array select register discussed above. Within each
array, it is possible to operate on all or just part of the array by
using a masking operation. Masking in the word direction is done by
loading the M response store register with ones in the position of the
words to be used; masking in the bit direction is accomplished by
directing the common register to operate on a specified field. The
X and Y response store registers can be used to logically combine data
for storage into the arrays or the M register. In the application
program discussed subsequently, we make frequent use of the X and Y
registers for data movement and for loading the M register.

3. Utilizing RADC STARAN

There are four required steps for utilizing STARAN at RADC. First,
the source code must be written and stored as a MULTICS segment; second,
the source program must be assembled resulting in an object module;
third, the object module must be linked with any required subroutines to
produce a STARAN load module; and fourth, the load module must be executed.

The first step is to write the source program. Programs to be
executed on STARAN are written in the Associative Processor Programming
Language (APPLE). The MULTICS editors "edm" and "QEDX" can be used to
create the program, edit it, and store it into a segment.

The second step in submitting a job to STARAN is to create a MULTICS

segment which contains PDP-11 batch Job Control Language (JCL) statements

12
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[6]. This segment will reference an APPLE source program, another
MULTICS segment, calling it to be moved from MULTICS to PDP-11 disk 0.

If the program contains or references any mnemonics, then MAPPLE is called
to translate the source program into an APPLE object module. MAPPLE is

a collective term used to indicate that both the MAPPLE preprocessor for
translating mnemonics as well as the APPLE assembler are executed, [2,3].
The newly created object module can be stored on disk 1 of the PDP-11

or as a MULTICS segment. A sample MULTICS segment to accomplish the
above is included in Appendix Al.

The third step is to create a multics segment to run the APPLE linker,
ALINK [5]. Its purpose is to accept multiple object modules as input;
relocate those object modules and assign them absolute addresses; resolve
symbolic references among them; create an overlay structure upon request;
generate a load map to indicate the absolute addresses of the load module
and the entry point of each load module; and to produce an executable
code, the STARAN load module, in a format suitable for loading and
execution. The STARAN load module is then stored on disk 1 until required.
An ALINK program and load map are included in Appendix A2.

The last step is the execution of the STARAN load module. Again,

a MULTICS segment is created with the appropriate JCL statements. In
this case the machine is instructed to execute STARAN Debug Module (SDM)
which is a system program to detect and locate errors in an application
program [5]. The functions provided by SDM include the ability to dump
the contents of memory locations, to inspect and change a memory location
or register; and to print a table of preselected memory locations and/or

registers in AP Control Memory, Parallel I/0 Control Memory and Array

13




Y T T T T T N

Y

i

Memory. The functions desired are included in the MULTICS segment to be

submitted to STARAN. An example program is included in Appendix A3.

Matrix Inversion ;

The algorithm utilized for matrix inversion in this work is basically

Gaussian elimination adapted for use on an associative processor. Column
operations are performed rather than row operations, and only one row of
the identity matrix is appended at any given time. The reader is referred
to [1] for an example that illustrates this method.

Because large matrices are to be inverted, it is desireable in
testing to use a matrix which can be generated automatically and whose
inverse is known. Matrices generated with the pattern as illustrated in
Figure 5 have inverses with the pattern as illustrated in Figure 6.

Thus, matrices of this form were chosen for testing.

The system-supplied macros for multiplication, division and subtraction
require three empty fields for intermediate operations. Therefore, the
largest matrix which will fit into the four arrays for inversion is
63 x 63. A 60 x 60 matrix was chosen since it is large enough to
nearly fill all of the arrays. As shown in Figure 7, the data are
loaded into the arrays. The numbers in the arrays indicate the columns
of the original matrix and the numbers to the left of the arrays indi-
cate the word number. For example, column 1 of the original matrix is
replicated four times in field A of each array starting at words 0,64,

128 and 192. The letters at the top of the figure are the names assigned

to the 32-bit fields.

14
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ARRAY 0
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ARRAY 2

ARRAY 3

A 60 x 60 Matrix Loaded Into the Four Arrays.



Although there are more efficient ways to load the data for smaller

matrices, by following this loading pattern the matrix inversion program
presented in this work can be easily adapted to handle any matrix up to
and including a 63 x 63. For example, this program was used to invert a
45 x 45 matrix and a 30 x 30 matrix. In the case of the 30 x 30 matrix,
the data could have been fully loaded into array 0O as shown in Figure 8.
However, this would have required writing a new program. By following
the loading pattern as shown in Figure 7, the matrix was loaded into
arrays 0 and 1 and inverted with only slight modification of the original
code. The disadvantage in following the loading pattern of Figure 7 is
that the inversion will take longer because this program includes setting
the registers first to enable array 0 and then to enable array 1 whereas
the more efficient configuration in which the data are completely contained
in array 0 would use only array 0 and therefore eliminate several steps.
However, in the case of the 45 x 45 matrix, three arrays would still be
required to contain all the data.

As mentioned previously, the largest matrix which can be fully
contained in the four arrays and inverted using the Gaussian elimination
algorithm referred to previously is a 63 x 63 matrix. Matrices which
are larger than a 63 x 63 require that the data be operated on in stages.
For example, an 80 x 80 matrix was inverted as part of this study. The
algorithm to invert the 80 x 80 matrix first loads forty-nine columns
into the arrays and performs the column operations; then after reading
these results back into AP Control Memory, the remaining thirty-one col-
umns are loaded into the arrays and column operations are again performed.
These results are read into AP Control Memory and the first group of

columns is again loaded into the arrays and the algorithm proceeds as
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ARRAY 0 1 14 15 16 17

Figure 8: An Efficient Way to Load a 30 x 30 Matrix
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above. The 80 x 80 matrix was chosen since it was necessary to consider

a matrix large enough to require more than the STARAN array capacity,

yet small enough to be contained in AP Control Memory.

Matrix Inversion Application Program - General

In this discussion the following notation will be used. Elements
of the original matrix will be designated by aij where i is the row
number and j the column number. Recall, the numbers in the boxes of the
array diagrams represent the column number of the original matrix. Masks
will be denoted as MI(J) where I is the array number (0,1,2,3) and J the
position of the mask in the array (1,2,3,4). For example, MO(3) means
that array O has a mask in the third quarter, that is, words 128 to 191.

The data are loaded into the four arrays as previously illustrated
in Figure 7. Each box is sixty-four words in length thus dividing the
arrays into four equal quarters in the word direction. In the case of
the 60 x 60 matrix, each box will have 60 words of matrix data, one word
of identity and three empty words. The identity row is appended to the
top of the original matrix and will move down through the matrix row by
row as the inversion proceeds.

Each array is divided into eight thirty-two bit fields in the bit
direction. Fields A,B,C,E, and F are used to hold matrix data; fields
G and H are used for intermediate results of the érithmetic operations;
and the last field is used to store the masks and to provide a bit slice
required by the arithmetic operations.

The prog-am begins by dividing field A with the first diagonal element
of the matrix, 811’ to create the 1dentity element (one) in this diagonal

position. Note that the identity row is in word 0. Masks MO(1), M1(1),
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M2(1) and M3(l) are loaded. Field A is multiplied by elements a

3.2* %
a and a by successively loading the above matrix elements into the
1,34 1,50
common register and using the system-supplied macro to multiply field A by
the common register. The results of the multiplication are placed in field
H. Next, Masks MO(2), M1(2),M2(2) and M3(2) are loaded, and field A is
successively multiplied by elements 31,6’ 81,22’ 31,38 and a1’54 in the
same way as above. The third step is to load mask MO(3), M1(3), M2(3) and

M3(3) and multiply field A by elements a and a

1,10" %126 *1,42 1,58 **
above. Lastly masks MO(4), M1(4), M2(4) and M3(4) are loaded and multiplied
by elements 81,14' 31’30 and 31,46' Note that element 31,62 does not exist
since the matrix dimension is 60 x 60. At this point field H is full; the
mask is set for all words; and the system macro for subtraction is used to
subtract field H from field B placing the difference in field G. Field G
is then moved to field B. This results in creating the identity element
(zero) in each of the positions given above. Moving next to field D, the
operations are repeated with the first element of each column in field D
until field H is full of products. Then, field H is subtracted from field D,
again placing the difference in field G and later moving field G to field D.
In the same way fields E and F are operated on. The result of the above
procedure is that the identity row which was originally appended to tﬁe top
of the matrix has now been created in the first row of the matrix; what was
previously the identity row is the first of the intermediate results leading
to the inverse of the original matrix.

The second phase of the algorithm begins by exchanging the position
of columns one and two; the result is shown in Figure 9. The identity
row is in the word 1; and the same procedure as above is used; that is,

first dividing field A by a and then successively multiplying and

2,2
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FIGURE 9. The Matrix Configuration after the First Iteration
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subtracting using fields B,D,E and F. The result is the creation of the
identity row in the word 2. Columns two and three are exchanged, and the 3
arithmetic operations are repeated. Then columns three and four are ex-
changed and so forth until each column has been successively placed in
field A. The final arrangement of the data will be as shown in Figure
10; this will be the inverse of the original matrix. A flow diagram of
the general procedure is given in Figure 11.

The reader is referred to Appendix B for a detailed discussion of
the inversion program for a 60 x 60 matrix. The appendix includes a
figure indicating the program variables, a trace map, detailed flow
charts of the program and all subroutines,.explanations of the main ?
program and all the subroutines, and and listing of the main program and L

the subroutines.

Timing of Matrix Inversion

For purposes of comparison, the same patterned matrices inverted on
STARAN were inverted using the APL Plus system monadic DOMINO at Syracuse
University. Matrices with dimensions 5,10,15,20,25,30,35,40 and 45 were
inverted; the times, in seconds, for each of these matrices are summarized
in Table I. The program which calculated these times inverted each
matrix ten times and returned the average of the ten inversion times.

The matrix inversion routines executed on STARAN were broken down
to give the inversion time alone, the time to load AP Control Memory
with the data from the PDP-11 disk O, the time to load the arrays with

the data and the time to run the complete routine. It should be noted
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FIGURE 10, The Matrix Configuration at the end of the Program
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