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1. "Dynamic Instruction Scheduling", February 23, 1966:
L. Conway, B. Randell, D. Rozenberg, D. Senzig

The background on this paper is as follows. Sometime in late '65, I suddenly visualized a
solution to the general multi-issuance and conflict-resolution problem. 1 quickly compiled
block diagrams and notes to capture the ideas, and during the next few days I presented
these ideas in staff meetings in the architecture group. There was a rapid, very positive
reaction. 1 was tasked to document the ideas in more detail, to incorporate one of the
branching schemes then under study, and to turn the scheme into an architectural "proposal".

Since 1 was quite junior and had little experience with coordinating and writing ACS
proposals, I worked with a number of ACS staff’ members, including Don Rozenberg, Brian
Randell, Don Senzig and others to produce the resulting paper. There was a sensc that these
weren’t just ordinary ideas, and we worked hard to frame the concepts in a tutorial form, so
that they would be clear to team members. Brian Randell in particular came up with some
wonderful articulations about the DIS schemes, in his inimitable British manner. We hoped
to be able to publish the ideas openly later on.

But things then moved fast, and within a year the ideas in the paper had became the basis
for, and were implemented within, a fully revised ACS-MPM architecture.

Although the original dynamic instruction scheduling ideas were mine alone, the paper was a
team effort. As inventor, | was the lead author, and was followed by Brian Randell, Don
Rozenberg and Don Senzig. I think Ed Sussenguth and Herb Schorr gave useful feedback
too: had the paper gone on to publication they might have been included as co-authors.

The dynamic instruction scheduling paper is labeled "[DRAFT]". 1 believe that by late
February '66, we saw this paper as a work in progress towards formal publication. The ideas
were already, in parallel, being evaluated for use in the actual machine. Thus in this draft 1
think we stepped back from revealing thinking on exactly how the ideas might be applied in
the machine, as, for example, by using dual instruction windows.

But by then we also needed a tutorial on the ideas for those outside the architecture group,
such as the logic designers, to use as a reference. Thus this "draft" version of 2-23-67 was
released within ACS. After that date, no further work was done on the paper. It was
completely overtaken by the escalating events surrounding adoption of this scheme for use in
the ACS machine. Thus the invention itself then became quite "secret”.

Interestingly, the name "dynamic instruction scheduling” never really entered into the team'’s
"lingo". Instead, the relevant structures were usually just called "instruction queues”, or
"instruction buffers”, or "contender stacks" for short, as is seen in all the later documents.
It's possible that many ACS vets won't recall the specific title of the paper. Could that
perhaps explain why no one from the team has ever come forward and mentioned this work?

On the other hand, it is very likely that copies of this paper surreptitiously passed into
circulation outside TBM during the late 60's and early 70's, providing a path for transfer of
this knowledge, and its name, into computer architecture circles outside of IBM.
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2. "ACS Simulation Technique", Mar. 15, 1966: D. Rozenberg, L. Conway, R. Riekert

This paper documents the methods used to build the ACS MPM register-transfer level
simulator. This paper may prove valuable by helping later analysts better understand and
interpret the source code and the output results of the "MPM Timing Simulator”.

The simulator was built in FORTRAN IV. Thus it is relatively easy to "read the code” that
defines the workings of each module and functional unit. The simulation methods were also
aimed at being fast enough to support long runs involving many, many variations of the
machine architectural parameters.

The simulator was initially used to take quick looks at architectural variants, watch code
passing through them, and figure out why things got blocked or didn't work as expected.
Later it was used to gather data on the performance of many serious MPM variants running
lots of real code, and then to "balance and tune" the emerging ACS-1 machine.

Notice the use of a "memory queue” function as the tutorial example in this paper. I believe
that by this time in '66, we were already doing basic simulator implementations and
evaluations of various "instruction queuing" structures and controls, as part of our
explorations of dynamic instruction scheduling methods. I think we may have just simplified
and then "reused" some of that code to create the example in this paper.

Don Rozenberg was lead author, 1 was second and Bob Riekert was third. Bob had done
important work on the simulation methods at Yorktown, but didn’t go west with ACS.

3. "Dual Arithmetic on ACS-1", May 1, 1967: T. C. Chen

This paper is an internal proposal from Tien Chi (T. C.) Chen to Jack Bertram regarding
methods for implementing dual floating point arithmetic in ACS-1. It contains interesting
references to dual arithmetic on the ILLIAC IV machine.

I include this paper as a good example of an ACS "proposal”, though I do not recail right
now the details of how this particular one turned out.

Note that the data-path register-transfer-level details of the arithmetic-functional units were
an independent architectural dimension of the project that had to meet logic design/machine-
cycle constraints on the one hand, and bussing/pipelining/issuance-control/architectural
constraints on the other.

Thus only the timings of the ACS-1's arithmetic units, and not those units’ internal functional
details, were modeled in the timing simulator. (An “unroller” processed assembly code input
instructions to produce the input instruction stream to the timing simulator). This was in
contrast to the OP fetch, Bussing, OP interlocking and issuance, SKIP, Branch and Exit
functioning, etc., which were fully modeled in the timing simulator.
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4. "Architecturally Critical Paths in the MPM", May 12, 1967: E. Sussenguth

This is an important internal memo from Ed Sussenguth to Herb Schorr that summarizes the
results of detailed MPM architectural design studies during the spring of 1967. It pins down
the final list of critical paths that must be insured against any performance slippage in any
later design iterations.

In each particular case, the critical path functions are identified as needing to be completed
within a certain number of machine cycles. Then, for each of these functions, there would
have been related critical logic design exposures, wherein specific logic functions had to be
completable within a machine cycle .

This memo was the result of an intense period of simulation and tradeoff studies to tune and
balance the MPM mechanisms for OP fetching, Bussing, OP interlocking and issuance,
SKIP, Branch and EXIT mechanisms, functional unit timings, etc.

Together with the other documents, this paper shows that the near-final form of’ ACS-1
machine architecture was completed and was being fine-tuned during the spring of '67; thus
it supports the inference that generalized dynamic instruction scheduling must have been
incorporated into the revised ACS machine architecture sometime in the latter part of '66.

The details in this memo about MPM critical paths should really help during efforts at
interpreting other ACS documents, and reconstructing the MPM's architecture.

5. "MPM Timing Simulation", August 25, 1967 (ACS AP #67-115) : L. Conway

This paper is a gold mine of detail on the system architecture of the ACS-1 MPM. It was
originally intended as a users' manual that others could reference, in order to submit
simulator input and interpret simulator output. I was sole author of this paper.

The simulator was written in FORTRAN IV (H), and ran on an IBM $/360 Mod 75 under
0S/360. It operated at a rate of approximately 10 simulated instructions per second; typical
programs thus ran at a rate of about 20 instructions per second.

By this date, the simulator was the de facto formal description of the structure and functions
of the timing and controls of the ACS-1 MPM. All architecture team members coordinated
their work with the making of modifications to the evolving versions of this simulator.
Detailed functional modifications were seen to work or not, by whether they functioned as
expected during simulation runs.

By the time this document was written, a lot of experience had been gained in the effects on
machine performance of variations in machine parameters. In particular, it was clear by then
that the 3 out of 8 issuance scheme for A-Ops was near optimal in terms of mean OPs/cycle
while meeting the logic-level and machine cycle-time constraints. This paper uses that 3 out
of 8 scheme in a very detailed example, including detailed timing diagrams and the
corresponding simulator input and output listings.
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Therefore, this paper provides a peek inside an ACS-1 MPM actually running code, enabling
the reader to see how the OP fetching, Bussing, instruction scheduling, Branch and Exit
functions, functional unit timings, etc., all worked together.

The paper defines and elaborates on the mnemonics of all those machine facilities, enabling
readers to make detailed interpretations of timing diagrams and simulator output listings.
Those mnemonics were used widely within ACS by this date, so these definitions will be
helpful in interpreting other ACS documents. This paper includes a list of all instruction
mnemonics, but, unfortunately, no detailed descriptions of the instructions themselves.

This manual, together with the detailed "Timing Simulator Notebook" and the "Timing
Simulator Source Code Listing", provides sufficient information to possibly enable later
analysts to reconstruct a running version of the ACS timing simulator.

This document, with all its details of how the ACS-1 processed instructions, may also have
passed into circulation outside of IBM, and thus helped to propagate ACS architectural
concepts into the computer architecture community.

6. MPM Architecture and Simulator Notebook, August 1967: L. Conway

This notebook contains my working documentation of the ACS-1 machine architecture, and
materials regarding translation of that architecture into the MPM Timing Simulator. It
contains very detailed information on the ACS-1 as of late August 1967, which was a
mature point in the machine's evolution, and the design point for which important
benchmarks have been described elsewhere. The notebook consists of about 120 pages of
flowcharts, tables and notes, in addition to the ACS AP #67-115 paper.

Unfortunately, these notes do not contain a description of the OP set itself, as it was
documented in a separate memo that, I believe, was entitled "ACS-1 MPM Instruction
Manual” (we should really try to find a copy of that one, if one still exists). However, many
important details regarding the OP set, including the OP Tags, are included in these notes.
A listing of the contents of this notebook is included on the following page.



Listing of contents of the Timing Simulator Notebook (draft listing, as of 1-21-99) :

059

093

103

111

143

152

168

189

MPM Timing Simulator, ACS AP #67-115: Timing simulator user's guide as above.

A Unit Interlock Simulation: A primer based on the sort of code used in the Timing
Simulator. Hardware diagrams, flowcharts and code are condensed from the actual
simulator, and give the essentials of A-Interlocks for a simpler “ACS-like” machine.
Also constitutes a tutorial on the micro-architecture of the A-Unit Interlocks.

Facility Structure:
Some details of the XFAC's, AFAC's, INBUS #'s, OUTBUS #'s, delays;
M.E.H.'s diagrams coordinated via E.Sussenguth, dates 2-15-67 thru 7-26-67.

OP Decode Tags:

Contains tabulation (unary) of all decode tags for the 227 instructions,
i.e., the internal claims on facilities, busses, etc., for all OPs,

in a 256 by 70 table for the instruction set of April 17, 1967.

Various flowcharts and notes:

Definitions of simulator Common Variables; I.J indexing of A-SD's, X-SD's.
More on the decode tags, format of XBUFF and ABUFF.

Bussing of OPs to A and X Buffers.

Format of Execution Simulator output cards; Example of Output.

Various architectural and simulator details:

Block diagram of machine's major dynamic instruction modules.

Flow charts for key functional module routines.

"Event running times within the cycle", in 0.1's of a machine cycle.

Stack to Register timing: key difference between A and X stack algorithms,
bussing and facilities.

"Full Bypassing” timing; "No Bypassing" timing.

Common Vars, "Revised 18 May 1967", Common Vars, "Before Revision".

Memory timing details:

Memo to file by G. T. Paul re "MPM-BLCU Interface for Store OPS", 5-24-67,
with diagrams by M.E.H., G. P., 5-17-67, revised 6-7-67.

Memory Timing Diagram; Routines re memory instructions.

Instruction fetching overview.

Handling the Back-Up Registers - overview.

M. Homan's notes re Back-Up Logic, as of about a year earlier: 7-25-66.

Skips, Branches and Exits:

SKIP instruction overview: Execution of EXIT instruction -overview.

BRANCH and EXIT Handling, complete details of, in a coordinated, hand-written
"memo" of 3-27-67 by B. O. B. (?), along with similar memo re "old branch info"
by B. O. B. dated 3-17-67, followed by detailed timing diagrams.
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7. Timing Simulator Source Code Listings, August 1967: L. Conway

This notebook contains a set of listings of the source code for the near-final version of the
ACS machine's register-transfer level timing simulator. There are about 5000 lines of
FORTRAN [V (H) source code in these 100 or so pages of listings. This is probably the
version of the code used to generate the examples in the ACS AP #67-115 paper.

By mid-67, the timing simulator was the de facto formal description of the overall team-
coordinated details of the evolving ACS-1 architecture. Therefore, these listings, when
taken together with the Timing Simulator Manual and the additional diagrams, flowcharts
and other details in the Timing Simulator Notebook, provide a very detailed account of the
ACS-1 system architecture.

8. “ACS Logic Design Conventions: A Guide for the Novice”, Nov. 29, 67: L.. Conway

On joining ACS, 1 found that there was no single convenient source for this information.
Some of the information was not documented in any available references. Since most of the
logic designers used different notations and conventions, it proved to be a time consuming
and confusing process to learn the precise details of this very simple, basic material. Many
of the designers related to me that they had had similar initial experiences.

At the time I made some notes for my own personal use, and later formed these notes into
this memorandum in the hope that it might prove useful to newcomers to ACS. This memo
may prove useful in ACS retrospectives and reconstructions by cnabling more precise
analysis of original ACS DRKS design records.

9. “A Proposed ACS Logic Simulation System”, Oct. 31,1967: L. Conway

This memo proposes an LSS to provide a means for debugging the logic design of the ACS
machine. Included is a means to extract design partitions from DRKS files and run
simulations on the partitions based on interface signals extracted from the equivalent
partition of the system-level (MPM timing) simulator. Considerable detail in the form of
block diagrams, flow-charts and calculations are included to clarify interfaces and interaction
in the overall system. One requirement for such a system to work would be formal
acceptance of the system-level simulator as the formal description of machine structure and
functions, and forcing of logic design partitions to implement the functions of the equivalent
system-level partitions. This seemed feasible at the time, since the MPM Timing Simulator
had already become the de-facto formal description of the machine. This memo may provide
useful insights into various practical aspects of ACS logic design and engineering at the time.
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10. “The Computer Design Process: A Proposed Plan for ACS”, Aug 6, 68: L. Conway

This memo builds on item 9, and proposes a detailed design for the overall ACS machine
design process, including system architecture, logic design and engineering, physical
specification and process automation, and maintenance. The thesis is that proper design of
the design process is as important as proper design of the machine itself. It exploits the
System-level Simulator as the overall machine specification, and discusses the overall
integration and protocols for use of that simulator with the LSS, DRKS, Physical
Specification and Process Automation tools. It addresses many concerns, such as the fact
that design phases do not follow serially but overlap in time, that some partitions may be far
along in specification while others may be quite tentative, and that later design phases
constantly feedback feasibility or cost issues to earlier (higher-level) phases. This proposal
was fairly widely circulated and had gained considerable support just before the project was
cancelled. This memo provides useful insights into practical aspects of ACS system
architecture, logic design, engineering, physical specification and process automation at the
time. [Also, taken together with the other materials, all this work substantially informed my
later explorations at Xerox PARC on VLSI design and implementation methodologies).
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2 January 1999

Dr. Mark Smotherman
Department of Computer Science
Box 341906

Clemson University

Clemson, SC 29634-1906

Dear Dr. Smotherman:

When I came upon your web site identifying the IBM-ACS machine as "the First
Superscalar” computer, many past events came rushing back into my mind. I had been at
ACS, first at Yorktown Heights, then in Sunnyvale and then up on Sand Hill Road, during
the period when the exciting architectural work was being done there.

There were publications and talks, by Herb Schorr in the early 70's and later by John Cocke
and others, that hinted at the scope of the ACS innovations. But these early retrospectives
lacked detail about the system's architecture and lacked a context in which to embed the
ideas so as to fully convey their significance. Many computer architects sensed that amazing
things had happened at ACS, but few could be sure quite what, or why it even mattered.

As modern VLSI superscalars emerged into widespread application, and details of their
architectures were described, I became aware that important early ACS innovations had
transferred directly into those machines. Even the early ACS name for one of those
innovations, dynamic instruction scheduling, is now used by superscalar architects, and is
described as such in modern computer architecture textbooks.

More than thirty years after the original work, modern superscalars now at last provide a
context for understanding and appreciating the value of the early ACS innovations. For
some time now, I've hoped that someane from the ACS team might step forward and point
towards the sources of those concepts. However, no one has come forward.

When I read the ACS retrospective on your web site, I began thinking about why such
claims haven't been made before. The sudden elimination of the project, followed by exits
and transfers of the architecture team members, must have meant that few, if any, original
ACS documents were saved by anyone. Thus the machine seemed to have just "vanished",
and there was little material evidence on which to base any retrospectives.

Tt vanished almost everywhere, that is, except in a notebook, documents and computer
listings that I compiled and kept stored away all these years.
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Hopefully, the materials that I have saved can be used to reconstruct many details of ACS
machine architecture, and more fully document the accomplishments of the ACS team. I'm
interested in helping with such an effort, and in helping contact other ACS alums who might
have original artifacts and personal knowledge of events there.

The years I spent at IBM-ACS were among the most intellectually exciting of my life. It
was an incredible opportunity for me to be able to work with John Cocke, Herb Schorr, Fran
Allen, Ed Sussenguth, Don Rozenberg and all the others upon just finishing my graduate
work at Columbia. Reflections on my experiences at ACS, and the documents relating to
my work there, may help you and others reconstruct the overall story.

When I joined ACS, the team was based at IBM Research in Yorktown Heights N.Y., and
the effort went by the code name "Project Y". I joined in a support role to build the
register-transfer timing simulator for the emerging supercomputer. In that role, I had
ongoing access to almost all the team's architectural discussions and debates.

During the early phases of the project, I became fascinated with John Cocke's “open
questions" about computer architecture. By an amazing stroke of luck, I hit upon a pretty
good general solution to one of those questions, namely the problem of multiple issuance.
The team was very democratic and open to suggestions and proposals from any member, at
any level. They listened to my ideas, and then acted on them.

We initially called the resulting invention "dynamic instruction scheduling”. It went on to
play an important role in the overall system architecture of the ACS main processing module
(MPM). Fortunately, among my documents are those describing this invention, and showing
how it was exploited in the ACS-MPM. These documents are identified in an annotated list
attached to this letter.

Included in the attached list are my reference notebook, the source code and a detailed user's
manual for the MPM timing simulator. During 1967, the timing simulator became the de
facto formal description of much of the machine's architecture. Therefore, these materials
can be used to reconstruct many details of ACS machine architecture. It's even conceivable
that a running timing simulator could be reconstructed someday, based on these materials.

Given the significance and impact of superscalar computers, I really do feel the need to set
the story straight, namely that the ACS machine, a long forgotten "orphan", was never really
dead. ACS lives on after all, as the original source of many fundamental innovations that
have since passed on into modern machines.

I commend you on your efforts to reconstruct events at ACS and to document details of
ACS machine architecture. The independent, detailed context that you have already
established, together with my materials, should at least confirm the origins of generalized
dynamic instruction scheduling. That invention is one of the coolest ideas I've hit upon. It
would mean a very great deal to me for its origins in my ACS work to be acknowledged.
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I'm not sure how to best proceed from here, but I do suggest that initially we try to acquire
more materials, contact more ACS alums, work on a project timeline, etc., before releasing
further preliminary conclusions. Also, by putting more ACS materials on a web site, we
could perhaps clarify that a lot of materials do still exist, and thereby interest others in
participating in reconstruction efforts.

Many of the events surrounding ACS were shaped by internal IBM politics that I and most
of my colleagues were unaware of at the time. The sudden demise of the project completely
stunned us. I never understood why the decision had been made that ACS must be 360
compatible. However, it was clear right away that the 360 decision meant that the ACS
architectural innovations were going to be shelved.

You can imagine what the project's demise meant to those who had done the creative work
there. Sure, John Cocke went on to become famous among the cognoscenti in computing.
Indeed, four members of the early ACS architecture team, including John Cocke, Fran Allen,
Ed Sussenguth and myself, were later elected to the National Academy of Engineering for a
variety of other contributions. But imagine how much it would have meant to John and the
rest of us if the ACS designs at least had been saved, and approved for later publication.
Instead, almost all that wonderful work was discarded, as if it had never existed.

Since I'm not sure what sensitivities remain regarding theories about the project's
cancellation, I'd like to proceed carefully when gathering information on the overall story. It
is certainly important to try to contact ACS team members named in the various documents
in advance of any public uses of those documents. Efforts should also be made to involve as
many ACS alums as possible, so that a wider set of perspectives can be gained and a more
thorough history compiled.

I really enjoyed talking with you recently about ACS. I look forward to interacting with you
further on this interesting project.
Sincerely,
%WL / 524 waj,,
Lynn Conway

Professor of EECS, Emerita
University of Michigan, Ann Arbor, MI

Attachment: Annotated list of reference materials regarding the ACS-1 machine
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DYNAMIC INSTRUCTION SCHEDULING

" INTRODUCTION

The order in which the instructions comprising a program are
to be excecuted is normally assumed to be given by the order in
which the instructions are held in program storage and by the
sequencing control indicated by transfer and conditional transfer
instructions. However a programmer, or compiler, can produce
many different but equivalent versions of a program merely by .

. making minor alterations to the sequence in which instructions

are placed. Normally the actual choice among these alternative
sequences will be somewhat arbitrary, though careful- programming
or compilation often involves an attempt to design a program
whose detailed sequences are tailored to make best -use of a com-
puter's control and functional capabilities. This can be partic-
ftlarly worthwhile for computers whose internal organization has
been designed to attempt to overlap the use of its various func-
tlonal capabilities.

Take, for example, a computer which initiates execution of
instructions in strict sequence, without necessarily awaiting the
completion of one instruction before execution of the next instruc-
tion, provided that the operands of the second instruction are
ready, and the necessary busses and functional units are available.
On such a computer the sequence (written here for convenience
in a 3-address format) :

+ R2-> R3

Ry
Rl x’R4 -3 R5
(]

+ Rz.g R7

R3 X Rg > Rg

might well be preferable to

Ry + Ry >R,

R, x R4 4nR5

W oH o e

R xRG--)‘RB

if the adder and mui;iplié;_were independent functional units.

oo
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Thus if really effective use is to be made of the internal
capabilities of such a computer, careful attention must be paid
to the detailed sequencing of instructions in frequently executed

..portions of a program.  This 'scheduling' can be_done by an ambitious

optimizing compiler, or an extremely conscientious hand-coder. _
There is often, however, a difficulty in achieving really optimum
sequencing by such means--that of the effects of ‘memory interfer-
ence, which if present will cause variations ih the times which
operands take to reach the arithmetic and control unit from storage.
The effects of such memory interference will not usually be calcu-
lable in advance of program execution, particularly if the inter-
ference is caused by autonomous I1/0 units using the memory.

Thus there is often cause to consider the possibility of supple-
menting (or even replacing) the static scheduling performed by
coder or compiler by dynamic scheduling performed by the computer
as 1t executes a program. In this paper we describe a technique
of dynamic scheduling permitting non-sequential instruction execu-
tion. Furthermore, the technique presented is shown to be capable
of controlling the simultaneous execution of two or more instructions
at a time on machines with sufficiently generous bussing and func-
tional capabilities. In any actual computer design care would of
course have to be taken to ensure that any possible gains achieved
by such dynamic scheduling were not offset by the cost (both in
speed and in circuits) of the extra hardware necessary to perform
the scheduling. ’

The scheme presented uses a very general, but conceptually
simple, method of controlling non-sequential instruction execution,
and of identifying groups of instructions which are mutually
independent and can be executed simultaneously. Brief descriptions
of earlier schemes for achieving some of these aims have been given
by Amdahl [1]1, Chen {2], and Thornton; [3].
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NON-SEQUENTIAL INSTRUCTION EXECUTION

.- .In this section we restrict our attention to the sequencing
of straight line coding comprised of instructions, the locations
of whose operands and results can be determined directly from the
instructions themselves, rather than needing any address computa-
tion to be performed. )

"The seguence in whlch a series of instructions have been written

‘implies -the total effect that these instructions are intended to
- have when executed. Each separate instruction -contributes to

this total effect by performing its operations on the contents

- of certain registers (accumulators, index registers, indicators,

etc.) and setting its results into other registers. A dynamic
scheduling technique has to insure that any instructions obeyed

out of sequence do not change the contents of any registers which
are to be used by any instructions whose execution has been delayed
temporarlly.

_A simple set of rules for determining if a given- instruction
can be obeyed out of sequence is as follows:

(i) The requireg busses and functional units are available.

(ii) The instruction must not use any registers which are
' used as result registers by instructions whose execu-
tion has been initiated but not yet completed.

(1ii) The instruction must not use as result registers any
- registers which are used as operand registers by any
preceding instructions which have not yet been initiated.

(iv) _ The instruction must not use any registers (either .
as result or operand registers) which are used as result
registers by any preceding instructions Wthh have
not yet been initiated.

. These checks can be made in a systematic fashion using what
are here called 'sequencing matrices'. Two matrices are used,
namely a 'source matrix' (S) and a 'destination matrix' (D).

At each cycle, when the machine is attempting to choose an instruc-
tion to be executed, rows in these matrices are set up correspond-
ing to each of the instructlons which are being considered by the

8cheduling machanism. (The cycle referred to above is a clock

cycle, which corresponds to the maximum rate at which instructions

" ‘can be initiated, and will presumably be much shorter than a

storage cycle.) The elements in each row of the matrices indicate
whether a given register is being used, or will be affected, by
the corresponding instruction.

-
’

Oo4Y

Archlves

I L. Conway




il

111

~to one if execution of the i

-4

The element S . is set to one if the ith instruction uses

the contents of reglster j§ as an operand. The element Dy i is set
* r

th instruction will cause the contents

of register j to be replaced.

: Take, for example, a very simple machine with eight registers
and a 3-address format, using a scheduling mechanism that processes
four instructions per cycle. A typical situation would be:

£ -

Instructicn Source Matrix Destination Matfix
12345678 ' 12345678
1. R3 + R4-+R7 1t1l 1
2, R7 X Rz---»R4 1 1 1
3. R; + R,7Rg 1h . : 1
4. BB < Rl-#R8 1 1 | 1
Fig. 1

Thus each row has been set up by processing the register
address.fields of the corresponding instructions, and converting
these addresses into unary form. However in more realistic machines
the setting up of the matrix elements would not be so straight-
forward. Almost certalnly it would involve decoding the operation
code part of the instruction to determine what implied registers

~ are used by an instruction in addition to those indicated by address

fields.

In addition to the matrices, which provide a conveniently
coded form of indicating the register requirements of instructions
awaiting execution, a 'busy vector' (B) is used to indicate the
current status of the machine registers. The length of the vector
is equal to the number of registers. The element Bj is set to

- one when execution of an instruction which will cause the contents

of register j to be replaced is initxated- it is reset to zero

- when the replacement has been completed.

_Once the sequencing matrices and the busy vector have been
set up . as described, the basic algorithm for choosing an instruction
to be executed can be described as follows. Starting with the top

‘row of the matrices, each instruction is checked*—instruction i

can be executed if:
(i) The required busses and functiénal units are available.

(11) The elements of B corresponding to the non-zerc elements
' of the ith rows of S and D are zero. . R .
| i | | | 005
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(£ii) The elements above row i of the columns of D corres-
- ponding to the non-zero elements of row i of S contain
only zeroes.

(iv) The elements above row i of the columns of S and D
‘corresponding to non-zero elements of row i of D contain
only zeroes.

Returning to the. previous example, with the busy vector set

up to indicate that certain registers, 3 and 6 for instance, are
still to have their contents replaced, by the action of previously
initiated instructions .

Instruction Source Matrix Destination Matrix Busy Vector

12345678 12345678 123458678

- .
w

f R4—#R7 : 11 - 1 1 1
x Rz--)rR4 1 1 1

+'R2-9R5 111 1

3 R1—>R8

X W o
@ W

1 1 1

&= W N
.

Fig. 2
%; Instruction 1 cannot be executed because of rule (ii)

Instruction 2 cannot be executed because of rules (iii) and
(iv) ’ .

However instruction 3 can be execﬁted, provided that the
necessary bussing and functional capabilities are available.

Each cycle, while the scheduling mechanism is attempting to
choose an instruction to initiate, a -decoding mechanism could be
processing a further instruction, taken from the address in the
instriction store given by an instruction counter. In contrast

- to a conventional instruction counter, this counter does not
indicate which instruction is currently being executed, but rather
which instruction is next in line for processing by the scheduling
mechanism. With non-sequential instruction sequencing it is not
possiblé to have a conventional instruction counter, This can
in certain circumstances be a disadvantage of the system, and
is discussed further below. '

At the end of a cycle, if an instruction has been chosen
{it is of course possible that none of the instructions can be
initiated until some of the non-zero elements of the busy vector
become zero), -the rows ‘corresporiding to the instruction dre removed
from the matrices. The remaining rows are then pushed upwards.
) - ' OO0k
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to £ill in any gap, the bottom row of the matrix is.replenished

" using the instruction which has just been decoded, and the instruc-

‘tion counter is incremented.  All is then ready for the scheduling

. ---- mechanism to again scan the matrices in an attempt to choose another

2,
3.
4.

4Anstruction to initiate.

_ ‘In the above example, the situation at the start of the next
cycle might be (assuming that registexs 3 and 6 have still not had
their contents replaced) as shown in Fig. 3. During this cycle the
Divide instruction will be chosen for execution.

- Instruction  Source Matrix Destination Matrix Busy Vector
12345 é 78. 12345678 12345678
Ry + R, R, 1]1 1 _ 1] J1]1
R, x R, R, 1 1 1
Re 4 Rl Ra 1 1 1
Rg = Ry R, 1l [[a 1
Fig. 3

In the above general description of the proposed technique

for non-sequential instruction execution the discussion has been
limited to the scheduling of straight-line coding composed of ‘
instructions whose register requirements can be determined immedi-.
ately from inspection of the instructions. The next two sections
of this paper deal with the effect of unconditional and conditional
branch instructions, and with a technique for scheduling instruc-
tions which refer to indexed addresses in storage.

[ |
1
|
.
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UNCONDITIONAL AND CONRITIONAL BRANCHING

-

-«—-;--There is one kind of branch instruction, namely the unconditicnal
branch to an explicit instruction address, which can be handled very

. 8imply, without recourse to the sequencing matrices. The instruction
is executed as soon as it has been decoded, causing the appropriate
modification to the instruction counter which indicates the location
-from which the sequencing matrices are to replenished.

The other types of branch instructions, where the branch address
and/or the question of whether the branch is to be taken. cannot be
determined directly from the instruction, but rather depend on the
contents of one or more registers, cause rows to be entered into
the sequencing matrices in,the usual way. However refilling of
the matrices then stops until the branch instruction has been
executed and any necessary modification has been made to the instruc-
tion counter. Thus once such a branch instruction has entered into
the matrices, the matrices will gradually empty until the execution
of the branch instruction permits refilling to begin. This means
that every effort should be made to initiate execution of the branch
instruction as soon as possible, and that once the branch instruction
has been executed, empty rows of the matrix should be replenished
as quickly as possible. Otherwise, the matrices will spend much
of their time only partly full, and the chances of finding an
executable instruction each cycle will be congiderably reduced.

Since a scan of the matrices enables all the executable instruc-
tions to be identified, what is required is to ensure that a branch
instruction is given priority over any other executable instructions.
The simplest way of doing this, since there can never be any instruc-
tions in the matrices below a branch instruction, is to always choose
the lowest executable instruction, whether or not this is a branch
instruction. However it could be argued that this is taking -
unnecessary liberties with the sequencing of a program, which will
cause undue complications in program debugging. The alternative is
to arrange some system whereby if there is an executable branch
instruction it is initiated, but that otherwise the highest
executable instruction is chosen.

The second requirement that of speedy replenishment of the
matrices once a branch instruction has been executed, required decoding
facilities operating in parallel on several instructions. The alter-
native of relying solely on the normal decoding and replenishment
mechansim, which £ills only one row each cycle, is unlikely to be
adequate.

An 'Execute' instruction, which can be regarded as a temporary
branch for the duration of a single instruction, inveolves only
. 8light extensions to the above system. Filling of the matrices is
.~ halted once an Execute instruction has been reached, until it can
" be obeyed and the instruction which it specifies can be fetched

" _ oog
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) and placed in the matrices.  Unless this is another Execute instruc-
~ tion, or a branch instruction, filling of the matrices cdn then be '’
Ly -resumed, starting with the instruction following the original

Execute instruction. '
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THE SEQUENCING OF STORAGE ACCESSES

L

‘Another area where dynamic scheduling can be of value is the
sequencing of accesses interleaved storage. -Such storage is char-
acterised by the fact that access to one of the autonomous memor
units, or of which the storage is comprised does not have to await
the completion of previous accesses to other boxes. Rather, storage
accesses can be made at the rate at which they can be accepted
by the bussing system, provided that repeated accesses to the same
box are sufficiently separated. Thus the problem of sequencing
storage accesses can be regarded ds having similarities to that of
sequencing instructions, with boxes taking the place of registers,
and 'bus slots' the place of clock cycles.

The particular box involved in a storage access is determined
from the effective address of the location to which access is being
made (typically a group of the least significant digits of the address
is used). Such an address will normally be the result of a calcu-
lation involving the contents of one or more registers. Thus the
box used by a storage access requested by a register load or
store instruction cannot be determiring -directly by examination of
the instruction, it being necessary to wait until the effective
address can be calculated. ‘ .

. Though one can conceive of a single scheduler being used for
sequencing both instructions and storage accesses, it seems more ¢
reasonable to have a second scheduler just for sequencing storage
accesses, operating in conjunction with the instruction scheduler.
The storage access scheduler could operate according to the same
general principles as the instruction scheduler, using source and
destination matrices (SA and Dps say), and a busy .vector (BA)'

whose respective columns and elements correspond to the various boxes.
It would receive requests for storage accesses both. from the
instruction scheduler, on behalf of load and store instructions,

and from the instruction fetch mechanism which is used to replenish
the instruction scheduler.

The instruction scheduler described above is designed on the
assumption that once an instruction is removed from the matrices
and issued, it no longer has any demands on the registers that it
uses for its operands. Therefore, a set of buffer registers are
included in the storage access scheduling mechanism to hold the
contents of registers which are to be stored, until the required
storage access can be initiated. <

Certain constraints must be placed on the order in which storage
access requests:can be issued to the storage access scheduler from
the instruction scheduler. For example, a store request must not
be issued to the storage access scheduler before any preceding load
request. Only when the boxes involved in these requests have been
determined will it be possible for the storage access scheduler to

OLO
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perhaps make such modifications to the éequencing of storage access
requests. In fact what is necessary is for the instruction scheduler
to treat the store as a single extra register. Therefore an addi- -

~tional column is added to the S and D matrices, and an element is

added to the busy vector. However this extra busy vector element
is not set to one unless the storage access scheduler is unable to
accept any further storage access requests. All load instructions
have the extra element in their row of the S matrix set to one; all
store instructions have the extra element in their row of the D '
matrix set to one. The normal sequencing rules will then apply

the necessary constraints to the issuing of access requests,

Figure 4 demonstrates the setting of the matrices and busy
vectors of the two schedulers on a machine with 4 registers and 4
storage boxes. The instruction scheduler processes six instructions
per cycle; the storage access scheduler processes four access
requests per bus slot. Instructions are either 3-address format,
or specify single-indexed loads and stores.+r The vector B indicates
that registers Rl and R3 are still involved with previously

initiated instructions, and that the storage access scheduler has
capacity for further storage access requests. The storage access
scheduler contains only three access requests--a load of register
R, from address 53 in box 1, and a store of the literal 91 (the

contentd of some register) in address 29 of box 2, and a load of
register R; from address 25 of box 3. The vector B, indicates

that box 1 is still involved in some earlier access request.

When the instruction scheduler initiates execution of a load or

store instruction the rows corresponding to the instruction are

removed from the S and D matrices, and the B vector (except for
the last element, corresponding to the store) is updated in the

_usual way. The effective address is calculated, and it and the

address of the register to be loaded or stored are transmitted to
the storage access scheduler (together with the contents of the
register, in the case of a store instruction). This storage access

request causes the highest unoccupied row of the matrices S, and D,

to be set up so as to indicate the box requirements of the request.

L 4
*
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1.
2.
3.
4.

Ry + R, 3R,

S[Rl + 2]—»R3
§[ﬁ2 - 1]-—-)-R4
R,—S[R; + 1]
R, x Ry =R,

Ry = Ry=>R,

1:53 R

3
91! 2:29
-3:25 Rl

-11-

INSTRUCTION SCHEDULER

-8 D B
1i2]3741s 172137458 11273[4Ts
1]1 ’ 2! 1 1

T
1 1 1
1 1
1|1 ' 1
1 1 1
1{ | ha 1
STORAGE ACCESS SCHEDJLER
Sa DA *
11271312 LI72]374
1 1
1
1
.Fig, 4 Example of a 4 Register, 4 Storage Box
Machine '
On e
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The matrices SA and DA are scanned each bus slot time, in ordeﬁ

- to choose an access request which can be issued ahead of any preceding
requests which are held up, and which does not involve a box indicated
by the vector BA as being still involved with a previous access.” The

corresponding to this request are removed from the matrices, the rows

are pushed up to £ill in the gap, and the busy vector updated. When _
a storage access to a box has been completed the corresponding element
of B, is made zero once again. If this access was on behalf of a load

instruction, the appropriate element of B is made zero when loaaing
of the register has been completed. . :

Returning to the example demonstrated in Fig. 4, the situation
after one machine cycle and bus slot time is shown in Fig. 5. The
third instruction, a load instruction, has been chosen for execution,
the effective address specified by it has been calculated to be
location 57 of box 4, and it has been issued as an access request to
the storage access scheduler. Meanwhile the second storage access
request has been issued, the preceding request being still blocked
because the required box is still involved in an earlier access.

ovd
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INSTRUCTION SCHEDULER .
s _ D B X
1{2|3]4]s 1.2]3]41S 1i{2]|3[4]s
. 31 + R2 R3 11 1 : . 1 111
2. S’le + 2] -R3 ; 1 ) 4
3. R2 S[R1 + 1] 1|1§- ' 11 . | .
4. Rl x R3 Rl . 1 1l 1
5. R4 - R1 Rf' 1l 1 1
6. R2 s{9] 1 1
’
STORAGE ACCESS SCHEDULER
Sa Da Ba
112,314 1123 4 1{2[3]4
1. 1:53 R3 : 1
2. 3:25 Rl 1
3. 4;57 R4 1
4, ‘
- ) 2
L ]
‘o _ ‘ Fig. 5. The Example of Fig. 4 One,Cyéle and One Bus Slot
3 _ ; Later ) T : ) T oot
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e | o ' Archives




)

were available.

-14-

t

There are many possible variations on this scheme for sequencing
storage accesses. For instance, one can dispense with extra buffer

.. registers and continue to hold quantities in the working registers

until the appropriate memory unit can be accessed. What is required
to avoid unessential slowing down of the instruction scheduler is
that- the registers used in the calculation of the effective address
be released before the instruction is necessarily removed from the
matrix. This introduces a new complexity. Previously an instruc-
tion was not modified in the matrices, except for its possible bubbling
towards the top, until its complete removal from the matrices.

The bits in the source matrix correspéonding to those components
of the effective address calculation would beset to zero as soon
as they are used. This at least releases those registers for use
in further calculations. One might further refine interlocking
on register usage so that effective address calculations were per-
formed before the contents of the register to be loaded or stored

-

 Indirect addressing can be handled in much the same way as
branch and execute instructions. If the various levels of indirect
addressing use new indexing registers, at each step then no instruction
can be permitted to be executed whicH may result in any register
modification. Unless memory read buffers are present this effec-
tively means that indirect addressing will stop instruction initiation
though matrix replehishment can proceed. If indirect addressing does
not require new indexing registers but simply generates new memory
store access requests then only succeeding store instructions must
be inhibited until the indirect addressing chain is terminated.

-
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™ SIMULTANEOUS EXECUTION OF INSTRUCTIONS

The instruction scheduling method described above uses the
sequencing matrices in order to detect which instructions can be
obeyed out of seguence. As a byproduct it automatically detects
which—instructions can be initiated simultaneously, at least in so
far as register usage- is concerned. Thus, given sufficient functional
Capabilities and sufficient busses between registers and functional
units, the scheduling scheme can be used to control the simultaneous
initiation of instruction execution. The matrix scanning :algorithm
would remain unchanged, though from a hardware point of view if not
conceptually the procedure for compressing the remaining rows in
the matrices upwards to fill in any gaps becomes more complex.

We assume that the machine has @ number of indépendent func-
tional units-in addition to the memory and branch control units.
Typical additicnal independent specialized functional units are
floating point add/subtract, multiply, and divide units. We make
the further assumptions that each functional unit has a buss connect-
ing with the registers and that there is only one functional unit of
each type. The complexities that arise when these assumptions are
removed will be discussed below. '

The requirements for simultaneous initiation of instruction
execution is the addition of a bit to the busy vector for each
functional unit that cannot accept operands every cycle and a column
appended to the destination matrix for every functional unit.

The busy vector bit corresponding to the functional unit is
turned on by the initiation of execution of an instruction in the ¢
corresponding funtional unit. The busy vector bit is turned off when
the functional unit is able to accept a new operand pair.

. Rule (i) of the sequencing algorithm given informally above can
here be stated as: the elements of B representing the functional
units must have zeros corresponding to non-zero elements in the

ith row of D. The elements above row i of the columns of D corres-
ponding to the non-zero elements of D contain only zeros.

The operation code portion of the instruction is decoded to
the extent that it is known which functional unit is going to execute
the instruction. This information sets a one in the bit position
whose row index corresponds to the instruction and whose column
index corresponds to the functional unit. '

Going back to the example used in Fig. 2 and assumming that
the functional units are an add/subtractor that can accept a new
pair of operands every cycle, a multiplier and a divider that cannot
accept a new pair of operands every cycle, and a branch controller,
~we have the situation shown in Fig. 5. - -
: : : O\

5
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As in Fig. 2, Instruction 1 cannot be executed because of rule

(ii). Instruction 2 cannot be executed because of rules (iii) and

- {iv). In addition Instruction 2 cannot be executed because of rule
(i), i.e., because the multiplier is busy. The execution of Instruc-
tions 3 and 4 can be initiated--they violate none of the rules on
register usage and the appropriate functional units are free.

As is done -in the sequential case, at the end of the cycle,
instructions that have been chosen for execution are removed from
the matrix. The remaining rows are pushed up to £fill in the
gaps, and new instructions are inserted at the.bottom of the matrix
to replace those which have been initiated, and the instruction
counter is incremented.

In the above example (Fig. 5) the situation during the next
cycle might be as shown in Fig. 6. The instructions 1 and 2 are
inhibited by the same reasons as before. Since the Busy vector bit
corresponding to the Branch unit is zero (indicating no Branch
instructions in the matrix) new instructions can be entered. The
new instruction 3 (R6 - R3—9R3) is inhibited by rules (ii) and (iv).

The new fourth instruction specifies a branch to the memory
locations specified by the contents of register R; plus 71 *

if register R, contains a zero. Since all of the registers used by

this instruction are free this instruction can be initiated., Since

we still can have but one branch instruction in the matrix at a

time no Branch column on the Destination’matrix is needed though the
equivalent may be needed by the replenishing mechanism. The Branch

bit on the Busy Vector is needed to inhibit the matrix replenishing

hardware. : D

In the case of the sequential control the point was made that.
preference should be given to branch instructions. Here, because one
can say that each functional unit is looking for work, no special
priority need be given to a branch instruction. :

1
t
™
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G\J - SOURCE MATRIX DESTINATION MATRIX BUSY VECTOR BRANCH
o 12345678 12345678x=<?3 1234%5678x4 72
Ry + Ry Ry |4 |1} 1 1 1 1 1|
. /
R, * R, R, | |1 1 1 1
Ry + Ry Rq 11 : _ 1 1
Rg + R; Rg |1 1 : 1| {1
Fig. 5. Example of Multiple Instructions per Cycle Initiation--
Cycle 1..
SOURCE MATRIX DESTINATION MATRIX " BUSY VECTOR BRANCH
12345678 12345678x%< 12345678x3
Ry + Ry n71 1|1 i 1 1 IR IBIEE R EED!
*
3::., R, R, 1 1 . 1 1
71, ng R2 =0| 1|1

Fig. 6. Example of Multiple Instructions per Cycle Initiation--
' Cycle 2. .

=1
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If more than one functional unit of a given type exists but each

.has its own busses then it is necessary to add a bit to the busy

vector corresponding to the new functional unit. No additional
columns are added to the Destination Matrix. B ' .

In the discussions above it has been tacitly assumed that the
functional units were completely passive since the scheduler dispenses
operands to the functional units for execution. If instead one takes
the approach that the functional units are active, and that the

. Sequencing matrixes are used by the functional units to provide the
. necessary interlock information thén the handling of multiple

functional units of a given type is perhaps easier to -envision.
The functional unit then executes the uppermost instruction that
has a one in the column of the Destination Matrix corresponding to
the functional unit and has its registers free. With multiple
functional units the individual functional units must in addition
check the status of all life functional units.

If the number of instructions that can be initiated per cycle
is restricted by the number of busses, i.e., one has fewer busses
than functional units or rows in the sequencing matrices, one can
then take the approach that each instruction uses a functional unit
called buss in addition to the functional unit explicitly requested
by the instruction.-

: R o]
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CONCLUSION

';

—-~—: - -In this paper we have described a dynamic scheduling mechanism
for providing a look-ahead capability which enables the execution
of instructions to be initiated out-of-sequence. In addition the
mechanism is capable of controlling the simuyltaneous initiation of

two or more instructions.

The generality of register and functional unit interlocking pro-
vided by the mechanism may well be in excess’of what is necessary
for a given computer design. The modifications to suit any par-
ticular design will usually be reasonably obvious and are beyond the

scope of this paper.
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- INTRODUCTION

A brief description of computer simulation of physical systems in gen-
eral and the features of current simulation languages is given.

A technique is then described for simulation using FORTRAN IV, which
maintains the essential features of current simulation languages with
a great improvement in run times and core requirements.

This technique may be useful in the production of very large simula-
tion programs where run times and core requirements are such that
programming in existing simulation. languages may not be feasible.
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SYSTEM SIMULATION

Assume that it is of interest to study the behavior of complex systems
or automata. If the level of complexity is such that the number of
states of the system and the p0551b1e sequences of states is very large,
then a logical approach to such a 'study is to simulate the system
using a digital computer.

Physical systems are usually described in terms of laws or logical
rules relating causes and effects; i.e., a given state together with
inputs to the system causes or determines the state (or the proba-
bility of selecting the state) at some future time. The "behavior"
of the system is thus the sequence of states of the system during
the passage of time, in response to a specific input sequence.

A computer simulation thus consists of identifying variables which
determine the states of a system and the rules for future state
selection (the cause and effect relation) and implementing this
model with a computer program. Thus it is possible to artificially
experiment with the system, and to study the sequence of states for
chosen sequences of inputs, with time as an independent variable of
the simulation.

In simulating a system it is necessary to perform a computation only
at those times when a state or an input has changed since
it is only at such times that a future change of state. can be
caused. It is therefore not necessary to examine the system at
regular clocked intervals. Indeed, this may be vastly more efficient,
than examining a system at clocked intervals of simulated time

if the time interval between changes of state varies over a wide
range of values. :

Thus it is found that digital simulation languages may provide the
programmer with utility routines for (1) providing a means of causing

- at future times those effects determined by past and present system

states and inputs, and (ll) advancing time, as an independent variable
of the simulation, to the next scheduled effect (change of state)

or to the next change of the input sequence, and (111l) passing control
to that subroutine which simulates the effect and which itself may
cause future effects. Perhaps the best known simulation languages.

of this type are SIMSCRIPT and GPSS . These languages have

in addition to the above features a number of utilities which (1)
ease the specification of variables and events,(2) ease the writing
of the simulation model description,and (3) simplify the production

- qf output routines.

- ) - T o224
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e ) For many burposes:these additional utilities are not essential.
B * Indeed, they may cost a high overhead in terms of core space and
' .running time. , S

GPSS has eased the writing of the simulation to the point where
one often cannot specify sufficiently complex tests for branching.
Thus, it does not document well a complex description. SIMSCRIPT
is sufficiently general but a high cost is extracted in storage
and running time because it attempts to simplify the handling

of variables. .

So, to have a powerful simulation language or technique without all
the unnecessary utility features of existing languages, it was
decided to write utility routines to perform the basic simulation
requirements. A decision had to be made on the language in which
to write the simulator utilities routines and also the simulated
system description.

If it is important to use the program listings as documentation of
the model, a high level language may be necessary. Otherwise,

an assembly language might give slight time and storage advantages.
In either case, it is desirable to use a common language which runs
under a reasonably powerful operating system.

Since in most detailed simulations, the exact model description and
documentation can only reside in the simulation program listings,
E) a high’ level language was chosen as the basic language.

Thus, the utility routines described in the following sections and

- the model descriptions are all written in FORTRAN IV which is a
common high level language running under IBSYS. IBSYS is an
operating system which is sufficiently powerful so as to be a
valuable aid in running and debugging programs.

L. Conway
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- THE FORTRAN IV SIMULATION ROUTINES

1

" A general deééription of the simulation utility routine written in
FORTRAN IV follows.

The central idea in the operation of the simulation program is the
ordered placement of -event notices into a calender of future events
as the related cause statements are encountered. The calender -is
ordered according to increasing time of occurrence. When an event
terminates (i.e., the event subroutine terminates), the ordering
of the calender ‘indicates the most imminent event and its scheduled
time of occurrence. Thus time can be advanced to that scheduled
time and the appropriate event subroutine can be called.

A set of arrays, located in blank common, comprise the calender.

An event notice consists of one element from each array with

the same index. Each notice contains linking information, the
scheduled time of occurrence, an indication of the event routine

to be called, and three parameters, to be used by the event routine.
An event notice will be said to occupy a row of the calender.

During the execution of an event routine, conditions may call for
the causing of an event. This is implemented by calling utility
subroutine CAUSE with the parameter set: Name of event routine
being caused, the time at which the event is to occur, and zero to

%9 three parameters to be passed to the event routine. The utility
subroutine CAUSE will place in the calender the appropriate event
notice. An event may cause any number of events including itself
to occur at a future time. .

After completion of an event routine,,control is returned to
routine MAIN. MAIN then calls the utility TSTEP which extracts

the next most imminent event from the calender, sets simulated time
to the scheduled time of that event, and transfers control tce the
appropriate event routine. Upon completion of one event routine,
control is passed to next most eminent event routine which will
then have the capacity for causing additional events.

In some instances it is desirable to cancel an event which may have
been scheduled for the future. To accomplish this a utility sub-
routine REMOVE is included. It is called with the name of the
event to be canceled as a parameter and its function is to search
' the calender for the first instance of an event notice having
the name of the event to be ¢ nceled. That event notice is then
" removed. : o - :

The rbutine package for any given simulation would contain MAIN,

CAUSE, REMOVE, and TSTEP plus all of the event subroutines necessary
for specifying the model being simulated. CAUSE, REMOVE, and TSTEP
are all utility subroutines which are invariant from one simulation
to arother. MAIN varies from one simulation to another only in that

wilke
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it is desirable to have MAIN contain common statements'which include

"all the systems variables and initializations of system variables.

Included in COMMON are the special variables and the system
variables. The special variables include the calender arrays; TIME-
the current value of simulated time; IPAR 1, IPAR 2, and IPAR 3 -
the parameters associated with the current event; _ )

o ‘ : . and ISL and ITL - pointers utilized
in the calender manipulation. The system variables are those vari-
ables in terms of which the programmer describes his simulation
model. ' )

The calender consists of six single indexed arrays which are indexed
by the same pointer. Thus the calender will be referred to as
though it were a two dimensional array with six columns. Column 1
contains linkage for the ordering of event notices. Column 2
contains the time of occurrence while Column 3 contains the
reference to the event routine. The remaining columns contain
parameters to be passed to the event routine; associated with the
event are two pointers - ITL which specifies the next most _
imminent event and ISL which specifies the row to be filled by the
next call of subroutine CAUSE. : .

As part of the initialization in MAIN, the linkage in the calender

is set up. The first row is linked to the second, the second to the
third, and so forth. The link in the last row is set to zero to
indicate the end of the chain. 'The first row of the calender is

set to indicate an event with a very large value of scheduled time.
(This simplifies the calender searching in CAUSE. Finally, ITL

is set to 1 and 1ISL is set to 2. - .

To schedule an event (i.e., place an event notice in the calender)

the time of occurrence, the event routine reference, and the three
input parameters are stored in positions 2 through 6 of the row
indexed by ISL. Following this, ISL is set equal to the value

of the link in the same row. Next, column 2, the time of occurrences,
i1s searched beginning with the row designated by ITL in the order
given-in column 1, the linkage column. The object of that search

is to find an event row k with a time of occurrence which is greater
than the occurrence time of the event being scheduled. When such

- & row is found, the lirks are adjusted to schedule the new event

ahead of the event in row k. The initial event in row 1 guarantees
that we find a row k. :

Whenever TSTEP is called, position 2 is stored in the COMMON variable

§ TIME, and positions 4, 5, and 6 are stored variables IPAR 1, IPAR 2,

and IPAR 3. In addition, the o0ld value of position 1 goes into
ITL, the old value of ITL goes into ISL, and the o0ld value of ISL
goes into position 1. Finally, the event routine reference is
used to call the appropriate event, :

An example will now be given to illustrate calender manipulation.

Assume that the calender is in the state given in figure 1. ocl
o . ' L. Conway
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- Calender
- . J‘_‘
o ™
Index Link Time Event Reference Par 1 Par 2 Par 3
[} .
1 0 1039
2 4 1.0 Event 1
3 6 2.0 Event 17
4 3 1.5 Event 3
5 1 4,0 Event 9
6 5 3.0 Event 5
7 8
d s |
9 10
IsL=17, ITL=2
: FIGURE 1
3 - ~ o T 0%

o .. . _— L. Conway
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sl Assume that the next encountered utility call is

o CALL CAUSE (EVENT 12, 3.25, 0, 0, 0).
The resuylt is shown is figure 2.
Index Link Time Event Reference Par 1 Par 2 Par 3

1 0 1030

2 4 1.0 Event 1

3 6 2.0 Event 17

4 3 1.5 Event 3

5 1 4.0 Event 9
~,
;; 6 7 3.0 Event 5 .
' 7 5 3.25 Event 12

8 9

[ ]
9 10
| ITL=2, _ISL=8
FIGURE 2

%: - 029
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FE

CALL TSTEP

The result is given in figure 3.

-

- Index Link Time Event Reference

- If the next encountered utility call is:

.

Par 1 Par 2 Par 3
1 0 1039
2 8
: 3 6 2.0 Event 17
4 3 1.5 Event 3
5 ) 1 4.0 Event 9
6 7 3.0 Event 5
%? 7 5 3.25 Event 12 .
8 9
9 10
ITL=4, ISL=2
) FIGURE 3
%': : - To630
- L. Conway
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) The final subject of this section is the transfer of control to
i the intended event subroutine when the statement CALL TSTEP is
encountered in MAIN. Two satisfactory methods have been used. The
first method utilizes FORTRAN IV in a perfectly straight forward
* manner and is the method to be described in this report. The
other_method (Method 2) has the advantage of being simpler and
easier-to use than Method 1, but has the disadvantage of depending
on specific characteristics of the IBM 7090/94 IBSYS compiler.

In using Method 1 a variable in a 'block of named common

is defined for each event routine. This variable is the event
reference mentioned earlier and is thought of as the event name
while the event subroutine name consists of the same FORTRAN N
symbol prefixed with an X. For example, a particular simulation
model might consist of the following five events. The correspond-
ing subroutine names are also given below.

. Event Names Subroutine Names
MOVE X MOVE .
GENER X GENER (A)
. DELAY : X DELAY
S PROC ‘ X PROC (X,Y,Z)
FINIS - X.FINIS

Further, it is required that the event names be assigned unique
integer values from 1 thru N where N is the number of events.
The initialization of event names may be done in routine MAIN.
The organization of MAIN could be as follows:

COMMON 11 e e .

.COMMON /NAMES/ MOVE, GENER, DELAY, PROC, FINIS

INTEGER, GENER, DELAY, PROC, FINIS

.© €  SYSTEM INITIATION STATEMENTS

C  CALENDER INITIALIZATION STATEMENTS

MOVE = 1
GENER = 2 . -

2 DELAY = 3 : S O3\

7 PROC = 4 o -
FINIS = 5 - L. Conway

Archives




C PLACE INITIAL EVENT NOTICE
. CALL CAUSE (MOVE, 1.0, 0, 0, 0)

1000 CALL TSTEP (NEVENT)
. GO TO (1, 2, 3, 4, 5). NEVENT

1 CALL X MOVE
GO TO 1000

2 CALL X GENER (IPAR 1)
GO TO 1000

3 CALL X DELAY
GO TO 1000

4 CALL X PROC (IPAR 1, IPAR 2, IPAR 3)
GO TO 1000

5.CALL X FINIS -
GO TO 1000

END

Thus TSTEP returns as the event reference the event number defined

29 in the initialization of event names. The event number is then
used to branch to the statement which calls the intended event
subroutine. ‘

Method 2 requires less bookkeeping on the part of the programmer.
The event subroutine names are the same as the event name and are
not included in COMMON. Further, the statements for entering the
event subroutines are unchanged from one simulation to another as
contrasted to Deck MAIN of Method 1 which must be modified whenever
an event is added or deleted. However, one special variable
MYSELF is located in COMMON. Its use will be developed later.

Referring to the above example, assume that it is desirable to
have event MOVE cause event DELAY T units of time in the future.
Subroutine MOVE will contain the two following statements:

Subroutine MOVE

EXTERNAL DELAY

CALL CAUSE (DELAY, TIME + T, 0, 0, 0)

. ‘ - e ’ 7'_‘f. 27,
? | RETURN o o5
- | L. Conway
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=} When subroutine CAUSE is entered the address associated with the

Y - parameter DELAY is the address of the entry point in subroutine

. --DELAY.. Therefore, what gets stored in column 3 of the calender

’ is the first executable instruction in subroutine DELAY. Thus,
the event references mentioned above are the first instructions
of the event subroutines. As will be apparent below, this Method
2 mechapism works because the first instruction of a subroutine
is always a transfer to the prolog of the subroutine.

1
In deck MAIN, the subroutine selection statements are:

1000 MYSELF = NEVENT (ITL)
CALL TSTEP (MYSELF)
GO TO 1000

when statement 1000 has. been executed MYSELF contains the first
instruction of the event routine to be entered. Following that,
subroutine TSTEP is called with the address of MYSELF as the para-
meter address. . ' '

The form of TSTEP is:

:; SUBROUTINE TSTEP (DUMMY)

IPAR 1
IPAR 2
IPAR 3

nan
]

CALL DUMMY (IPAR 1, IPAR 2, IPAR 3)
RETURN
END

The address of DUMMY is, remember, the address of'MYSELF. The
CALL DUMMY is translated into the following instructions:

TSX  MYSELF, 4
TXI 3

- . "PZE
PZE  IPAR 1
PZE  IPAR 2

g - ' PZE  IPAR 3 - o3

- L. Conway
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The TSX MYSELF, 4 instruction causes the control to transfer to

"a location-in COMMON with linkage established in index register
‘4. -As mentioned above the first instruction of a FORTRAN IV

subroutine compiled by IBSYS is always of the form:

TRA Prolog
Therefore, after the TSX transfers control to the location of
MYSELF, the value of MYSELF transfers contol to the prologs of -

the desired event without modifying the return or parameter

linkage. This is precisely the desired transfer.
The variable MYSELF serves one other important function.
Because FORTRAN does not allow a routine to contain an EXTERNAL
statement which contains the name of that routine, event routine
MOVE cannot contain a statement of the form:

CALL CAUSE (MOVE, . . . .}.
However, the desired effect will be obtained using:

CALL CAUSE (MYSELF, . . . ).

The complete listings of the utilities routines required for
both Method 1 and Method 2 are given in the appendices.

- S ' ' | . oay
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EXAMPLE

An example will now be described which illustrates the details of
implementation of a system simulation in FORTRAN IV.

The system under study will be a simple computer memory gueue,
Svppose a computer has several independent memory boxes. We
may thus queue up memory requests and each computer cycle
examjine the queue and the memory boxes to see if there is a
request on the queue for some non-busy box. A simulation will
enable us to experimentally determine such things as average
time on queue, average queue length, etc., as a function of re-
quest generation rate, number of memory boxes, and the memory
cycle time,

The system may be roughly described as consisting of three parts,

as the following diagram:
in the g g —@ MEMORY
) ' ) BOXES
™ l
Generator of Memory L72~1
Memory —{> -{) .
- Requests Queue ,

Mn

The generation of memory requests will be artificially modeled
by forming either no request or one request per computer cycle,
according to some probability, with the box number of the re-
quest chosen at random. A generated request will be placed on
the queue, if thereis space for it. Every cycle, the queue will
be scanned for the first request for a free memory box. If
one is found it will then cause the memory box to be set busy
for the cycle time.

A detailed description of the simulation now follows, with

. the FORTRAN IV event subroutines separately listed and described.

GENER

The simulation of the generation of requests is performed by
GENER, -a routine which first causes itself one cycle later and
thus runs every cycle. GENER causes a request to be generated
if a random number, uniformly distributed between O and 1, is
found to be less than the specified probability of generating -
one request in a cycle. If the request is to be generated, a

 random number is then used to select a memory box for the request.

If there is room on the queue, the request is caused to arrive

_ at the queue.8 units of time later, at the "end" of the machine

cycle., The listing of GENER follows. .
- _ ' - 035
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™ $IBFTC GENER
—. — . SUBROUTINE XGENER - . — . o o . _ .
coMMOoN |
‘C  GENERATE MEMORY REQUEST
- CALL CAUSE (GENER, TIME + 1.0)
CALL RANDOM (R)
IF (R.GT. PROB1) RETURN ' -
CALL RANDOM (R)
BOXNO = (R % FLOAT (NBOX)) + 1.0
IF (QMPNT.EQ.NQM) RETURN
INUMB = INUMB + 1
CALL CAUSE (QBUSY, TIME + .8, BOXNO, INUMB)
RETURN
END

QBUSY

The event routine QBUSY simulates the arrival of a request

on the queue. This is done by incrementing the queue input
pointer OMPNT, and placing the instruction number and memory
box number into the queue array QM. :

" $IBFTC QBUSY
SUBROUTINE XQBUSY (BOXNO, INSTR)
. COMMON _
" C  PLACE REQUEST ON QUEUE
QMPNT = QMPNT + 1
QM (QMPNT, 1) = INSTR
oM {QMPNT, 2) = BOXNO
RETURN
END

-~ QMCON

The simulation of the control of the queue is performed

by QMCON. This event first causes itself to run again one

cycle later. Then a scan pointer OMSCAN is initialized to

one. The queue entry indicated by QMSCAN is then examined to see
= : ' - ' T 036
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Lt

if the indicated memory box is busy. If it is, the scan

" pointer is advanced and the next entry similarly examined.
- If the box is not busy, the memory request is issued by

causing the events MBUSY.and QUEMP at .8 units of time later
(at the "end” of the cycle), and by causing the event MCYCC
at a time .8 + CYCT later.

-

SIBFTC QMCON
SUBROUTINE XQMCON
COMMON _

C  QUEUE CONTROL, SCAN QUEUE AND

C  SEND OUT MEMORY REQUEST, IF POSSIBLE

CALL CAUSE (QMCON, TIME + 1.0)
QMSCAN = 1

10 _ IF(QMSCAN, GT, QMPNT) RETURN

HH

BOXNO = QM (QMSCAN, 2)
INSTR = QM{QMSCAN, 1) ;
IF (MEMBSY (BOXNO).EQ. 1) GO TO 20
CALL EAUSE (MBUSY, TIME + .8, BOXNO, INSTR)
CALL CAUSE (QUEMP, TIME + .8, QMSCAN)
CALL CAUSE (MCYCC, TIME + .8 + CYCT, BOXNO)
RETURN

20 QMSCAN = QMSCAN +1
IF (QMSCAN.GT.NQM) RETURN

'_Go TO 10 |

END

MBUSY

~ This event sets the indicated memory box busy by placing INSTR

into position BOXNO the array MEMBSY.

$IBFTC MBUSY o 037
: R . . : - - 1 L. Conway
~~SUBROUTINE XMBUSY (BOXNO, INSTR) T ' Archives

COMMON _
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C PLACE'REQUEST INSTR IN MEMORY BOXNO

QUEMP

- MEMBSY (BOXNC) = INSTR

RETURN

END

" This event removes the indicated entry from theé queue,

up® any following entries, and decrementsthe input pointer,.

$IBFTC QUEMP

MCYCC

SUBROUTINE XQUEMP (QMSCAN)
COMMON _

REMOVE REQUEST AT QMSCAN FROY QUEUE

J = NOM - L

“"DO9 L =1, 10

DO 7 K = QMSCAN, J

oM(K,L) = oM{K + l, L) .
QM (NQM,L) = 0 .
QupNT = QMPNT - 1

RETURN

END

This event simulates the completion of the memory cyclé by
resetting the memory busy indicator of the specified memory

box.

$ IBFTC MCYCC

- COMMON _
AT MEMORY CYCLE COMPLETION, FREE BOX T
MEMBSY (BOXNO) = 0 o 033
_ | . . . e L. Conway
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SUBROUTINE XMCYCC (BOXNO)

" END

"moves
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#™ STATS

" 77" -Included 'in the list of events is one called STATS which is - -
an output routine. STATS causes itself one cycle later, and
+ outputsthe current system status. The run stops if a
specified value of simulated time MAXT is exceeded.

S$IBFTC STATS
SUBROUTINE XSTATS '
coMMON _
C  STATS IS THE OUTPUT ROUTINE
CALL CAUSE (STATS, TIME + 1.0)

P00

COLLECT AND OUTPUT SYSTEM STATUS
/ : oSS
£ L
" IF (TIME .GE.MAXT) STOP
39 RETURN
END
RANDOM ) -
Random is a random number generator. The statement CALL
RANDOM (R) returns R to the calling routine a value
between 0 and 1 withuniform distribution.
CAUSE
CAUSE is one of the simulation utility subroutines previously
specified in this report. It is called to place an event into
the calender. '
TSTEP
TSTEP is one of the simulation utility subroutines previously
specified in this report. It is called from MAIN to advance

~ simulated time to that of the next event in time, and get the
parameters and number of that event, '

MAIN

MAIN is the first enfered and "main" routine of the simulation o3 9
program and performs a number of functions. First it initializes

the common variables to zero. Then the run.parameters_ are read - L. Conway
into the--appropriate common variables. The calender is then Archives

initialized with the proper linkage and starting events are
placed into the calender with CAUSE statements. Following and
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+

including the statement number 1000 in MAIN are the instruction
"necessary to cycle thru the events in the calender.

%9

;
§

Assume that the following COMMON and specification statements.
+ are included in every routine described, and indicated by
‘the statement: COMMON _

—— —

COMMON TIME, -IPAR 1, IPAR 2, IPAR 3, ID, ISL, ITL,

1 LINK (200),CTIME (200), NEVENT (200), KOLI (200),
KOL2 (200), KOL3(200), NBOX, NQM, CYCT, MAXT,

3  PROB1l, OM (32,2), MEMBSY(64), QMPNT, INUMB
INTEGER OM,(QMPNT
REAL  MAXT
COMMON / NAMES / GENER, QBUSY, QMCON, MBUSY

{ 1 QUEMP, MCYCC, STATS

INTEGER GENER, QBUSY, QMCON, QUEMP, STATS

The listing of MAIN follows.

$IBFTC MAIN
COMMON _ .

EQUIVALENCE (COM(I), TIME)}, (X, CTIMEC(1))
Cc MAIN INITIALIZES COMMON TO ZEROES, READS IN

C SYSTEM PARAMETERS, SETS UP THE CALENDER, INITIALIZES

C THE EVENT VALUES, PLACES STARTING EVENTS INTO THE
'C  CALENDER AND THEN CONTROLS THE SEQUENCING OF EVENTS
DO 101 I = 1,3000
101 CoM (I) = 0
| - READ PROB1, CYCT, NQM, NBOX, MAXT
TIME = 0,0
. DO 92 ITL = 2,199

92 LINK (ITL) = ITL + 1

ISL = 2
_— L. Conway
= 1.0E30
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1000

- 7

QBUSY

~ _QMCON

MBUSY
QUEMP
McYCC

STATS

6

7

-15-

CALL CAUSE (STATS, TIME + 1.0)

CALL CAUSE (QMCON, TIME + 1.1}

CALL CAUSE (GENER, TIME + 1.1)

CALL TSTEP (EVENT)

Go TO (1, 2, 3, 4, 5, 6, 7), EVENT

GO TO 1000

CALL GENER

CALL XQBUSY (IPAR 1, IPAR 2)

GO TO 1000
CALL XQMCON
GO TO 1000
CALL XMBUSY
GO TO 1000
CALL XQUEMP
GO TO 1000
CALL XMCYCC
GO TO 1000
CALL xéTATS

GO TO 1000

END

(IPAR 1, IPAR 2)

(IPAR 1)

(IPAR 1)

fLD%W
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Appendix A

. Listings of utility routines for Method 1

oH3
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: , 03/18/6¢
CAUSE - EFN  SOURCE STATEMENT - [IFN{S) - T '
Q§ . . :SUBROUTINE CAUSEU(IEV,T,IP1,IP2,IP3)
e COMMON TIME,IPARL,IPAR2,TPAR3, ID,ISL.ITL,
. XL INK (200} ,CTIME{200) ,NEVENT(200),KOL1{200),K0L2(200)+K0L3(200)
C " CAUSE CNTERS EVENTS ONTO CALENDAR
_¢_ " - _LTL_ IS LOCAYION OF FIRST EVENT IN CALENDAR
c ' ' T1SL 1S LOCATION OF FIRST AVAIL ROW IN CALENCAR
i NEXT=TTL
G0 TO 20 ) ’ '
c 10 LOOP UNTIL GIVEN TIME IS LESS THAN NEXT ENTRY IN CALENDAR
10 LAST=NEXT ' :
NEXT=EINK{NEXT). o
20 IF (T .GT. CTIME(NEXT)Y GO Tp 10
ID=1SL
ISL=LINK{ISL) . -
LINK(ID)=NEXT
" C SEE IF THIS EVENT WILL BE THE FIRST ON THE LIST
CIF (NEXT.EN. ITLIGO TO 40 i _
- LINK(LAST)=ID i T
- 30 CTIVME (ID)=T
' NEVENT(ID)=IEV
KOLL{ID)=IP1
KOL2{ID)=1P2 .
L KOL3C(ID)=IP3 i
RETURN '
N 40 ITL=ID
z) G 1O 30
s END .
} : Sle ne
: - TTConWaOY
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N .

PR

L]

REHQVE - EFN SOURCE STATEMCONT =~

IFN(S)

__03/18/66

P

SURROUTINE REMOVF{EVENT oSTINE,1+J0K)

COMMON TIME.IPARL,IPAR2,IPAR3,ID,ISL,ITL,
XLI\K(ZOO),CTIMF(ZOO).NEVENT(ZOO)gKOLl(ZOOl-KOLZ(ZOOI.KOL3!200)

INTEGER EVENT
NEXT=ITL
IF(NEVENT(ITL) .EQ.EVENT) GO TO 20

10 LAST=NEXT

————t .

_RETURN _

NEXT=LINK{NEXT)

IF(NEXT.EQ.C) GO TO 30

IF(NEVENTINEXT).NE.EVENT) GO TO 10
WE FOUND EVENT

T STIME=CTIME(NEXT)
I=KOL1{KEXT)

J=KOLZ (NEXT)
K=K0OL 3 (MEXT)
LINK(LAST)=LINK{NEXT)
CLINK{NEXT)=ISL _

, ISL=NEXT

RETURN

EVENT IS FIRST IN LIST

20 COMNTINUE

STIME=CTIME (NEXT)
I=KIL1INEXT)

J=KOL2 (NEXT)
K=XOL3(NEXT)
ITL=LINK{ITL)
LINK{NEXT)=1ISL
[SL=NEXT

EVENT NOT PRESENT ~ 7

30 COMTINUE

STIME=TIME
I=0
J=0
K=0

RETURN
END

i

L C -
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TSTEP ~ EFN  SOURCE STATEMENT - [FN(S) -
= T SURROUTINE TSTEP(IEVENT)
. COMMON TIME,IPAR1,IPAR2,IPAR3,1D,ISL,ITL, . L
" XLINK(200),CTIME(200) NEVENT (2001 4KOLL{200),K0L2(200), ,KOL3 (2001
c . ‘ SUBRIUTINE TO STYEP EVENTS IN CALENDAR
C " LTL_IS_LOCATION OF FIRST EVENT IN CALENDAR
c . ISL IS LOCATION OF FIRST AVAIL ROW IN CALENDAR
In=1TL
ITL=LINK(ID)
LINK{ID)=ISL _ . , :
IsL=1D . )

 TIME=CTIMECID) . L
IPAR1=KOL1({ 10)
IPAR2=KOL2 { 10) | , ‘
1PAR3=KOL3(ID) -
IEVENT=NEVENT( ID)

RETURN
END - o -
- \ . . .
i - : e
O &
/ o . ‘.7_ - —-iﬁ‘
_ ' e . L. Conway

Archives—
Aot




Appendix B

0 Listings of utility routines for Method 2
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- . 03/18/6¢
CAUSE - FEFN SCURCE STATEMENT =~ CIFN(S) -

SURRDUTINE CAUSE{IFV T,1PL, 1P2,1P3)
- - COMMON. T.IME,IPAR], IPARZ,IPAQ3 [OsMYSCLF L ISL,ITL,. . __
XLINK(2CO)},CTIME{200) ,NEVENT(200),K0LL1{200),KOL2(200) KOL3(200)
c . ) CAUSE ENTERS EVENTS ONTO CALENDAR
(o  ITL IS LOCATION_OF FIRST EVENT IN CALENDAR
- ISLIS LOCAT!ON OF FIRST AVAIL ROW IN CALENCAR
NEXT=ITL
60 10 20 . '
¢ 10 LOAP UNTIL GIVEN TIME IS, LESS THAN NEXT ENTRY IN CALENDAR
10 LAST=NEXT . -
NEXT=LINKINEXT)

T 20 IF (T .GT. CTIME(NEXT)Y GO "To 10

[0D=1SL
ISL=LINK{ISL)} -
LINK{ID)=NEXT

c SEE IF THIS EVENT WILL BE THE FIRST ON THE LIST

__TF (NEXTV.EQ. ITL)GO TO 40
LINK{LASI)-ID Tt T
30 CTIME (ID)=
NEVENT(ID)=IEV
KOL1(ID)=IP1
KOL2{ID)=IP2
_KOLI(ID)=]P3
RETURN
- 40 ITL=ID
;D GO TD 30 -
END . .

- . | - f - T one3
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REMOVE - EFN  SOURCE STATEMENT - IFN(S) -

—— a - [ e —

Lig + 'SUHKOUTINE REM PVE(FVFNT STIMF,I,4,K}
= _COMMON TIME,IPARL,IPARZ, IPAR3.ID MYSELF,ISL,ITL,
XLIV&IZOO).CTIMF(ZOOI.NEVENT(ZOO).KOLI(ZOO) KAQL2(200),K0L3(200)
- INTEGER TVENT
MEXT=1TL
[F(NEVENT(ITUY.£Q.EVENT) GO TO 207
10 LAST=REXT . .
NEXT=LINKINEXT)
IF(NEXTLEN.0) GO TO 30 '
[FINEVENT(NEXT).NELEVENT) GO TO 10O
c __._ WE FOUND _EVENT o -
T STIME=CTIME (NEXT)
I=KUL1{NEXT)
J=KUL2 (NEXT) .
K=KOL3 (NEXT)
LINK{LAST)I=LINK(NEXT)
_LINK{NEXT)=]SL L L
ISL=NEXT
RETURN
c ‘ EVENT IS FIRST IN LIST
20 CNNTINUE _
STIME=CTIME(NEXT) ’ :
_I2KOLL{NEXT)
J=KOL2{NEXT)
K=KOL 3{NEXT)
ga ITL=LINK(ITL)
- LIMKINEXT)=]SL .
ISL=NEXT
RETWN
EVENT NOT PRESENT
30 CONTINUE
STIME=TIME
1=0
J=0"
K=0

RETURN
END

————— e A —_——— -
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" - L. Conway
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TSTEP -~ FEFN. SCURCE STATEMENI - TIFN(S) -
o+ SUBIOUTINE TSTEP(DUMMY)

- e— COMMON TIME ,IPARL, IPAR2,IPARZ, IDMYSELF,ISL,ITL, e

' XLINK(2G0),CTIME(200) yNEVENT(200},KOL1{200),KOL2(200),KOL3(200)

c . SUBRJUTINE TO STEP EVENTS IN CALENDAR

C . .7 . ITL_ IS LOCATION_OF FIRST EVENT IN CALENCAR ‘

T . ISL IS LOCAYION OF FIRST AVAIL ROW IN CALENDAR

IN={T1¢L . :
ITL=LINK(ID)
LINK(ID)=1SL .
[SL=1D

L TIME=CTIME(ID) ~ o N e

T IPARL=KOLL (D) e
IPARZ=KOLZ(ID) :
IPAR3I=KQOL3(1D) -
CALL DUMMY({IPARL,IPAR2,[PAR3)
RETURN
END e L B
i
3 - OS50
) i - .L. Conway
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~  ome May 1, 1967 - B '
From (location Advancied Computing Systems

ssems:  Menlo'Park, California

Py e ~ . BN
Telephone Ext.: 275 ' Ct

swipc:  Dual Arithmetic on ACS-1

materence: S, J,C,C,, 1967 and our récent conversation
T: Dr, J. E Bertram

One of the more formidable features of the ILLIAC IV is duél
arithmetic, where a pair of floating point numbers are made to interact
with another pair, yielding a pair of independent results:

A ¢ B1 C1 A1 ¢ B1

{

The scheme is useful on the ILLIAC IV for the following reasons:

The 64-bit word length is adequate for a pair of hex-floating
numbers, each with 8-bit exponent and 24-bit hex-fraction,

2. Significant time savings can be achieved in the PE by using
the already-wide data paths for dual arithmetic. There may
be an extra shift cost of 2 cycles per instruction comparing
with single 64-bit operations, this extra cost is something like
33% on floating adds (8 cycles rather than a possible 6) and may
be more than offset in multiplies because of the shorter fractions.

3. For usual partial differential equations even 16 fraction bits may
be adequate because of the sizable discretizing error. Parts of
computation which call for longer lengths can be localized without
serious effort.

4, Many problems do exhibit low-order parallelism exploitable by
this feature. This even includes Monte Carlo computations,
where the precision demand is low; radar signal analysis, and
patiern analysis in general. Where parallelism is lacking, the
two components in the packed word can be detached for individual
attention at low timing cost. -

fa k=R

L. Conway
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Dr. J. E. Bertram
May 1, 1967
Page 2“ : .

Dual Arithmetic on ACS-1

With the dual arithmetic feature, the ILLIAC IV PE can claim to
be an 8-MIPS machine. Their weather program (NCAR model) by the
full 4-QUAD machine is said to achieve 600x6600, with upper and lower
hemispheres treated "dually".

The proper way to counteract this ¢laim is to install dual arith-
metic ourselves. There are several difficulties:

1. The 48-bit word length is not adequate for an independent pair
- of floating point numbers each with 12-bit exponent. The
fraction would have only 12 bits, small even by the most op-
timistic advocates of short precision arithmetic.

2. Unless one performs at a rate of two operations per cycle the
saving in time is invisible. The shifting cost would be a major
handicap.

3. Excessive hardware to achieve dual arithmetic is more likely on

a pipeline machine, where the "fixed-time duration" requirement
_is compounded by a "uniform flush rate" requirement.

4, The operation code repertoire is already near the 2566 "limit",

I would like to advocate a limited form of dual arithmetic in which
one exponent is shared by two fractions. This "block-normalization"
philosophy is quite acceptable for partial differential equations and matrix
computations (Cf. discussions in an earlier memo to file, "Mixed floating
add operations" by T. C. Chen, dated March 14, 1967), The following
advantages of the new dual arithmetic are apparent, many are unique to
the block normalizing format.

1. Parallel comparison shifting with one single shifter.

2. Parallel add with one 48-bit adder (with, however, added extra
sign detection, overflow detection, and perhaps extra partial
recomplementation features).

3. Parallel post-shifting (normalizing usually just one of the fractions).
05 %

L. Conway
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Dr. J. E. Bertram
May 1, 1967 .
Page 3 ‘ ' .
Dual Arithmetic on ACS-1

4, Parallel multiply (with added hardware blockinngf carries).
5. Only one exponent handling mechanism is needed.
6. TWO OPERATIONS PER CYCLE PER UNIT.

(it is suspected that the ILLIAC IV dual operations will turn out to be "block

" normalized” also, to reduce the circuit count.)

There are still some problems. With exponent unaltered, the fraction
length is only 17 bits + sign, adequate only for very limited computations such
as the weather problem and radar signal analysis. A better deal might be the
format

or S, EF

S, EF 1 1;

| EFpiS

) FoSg
with
. 1bitfor S, ,
'8 bits for E , (7090 sizel)
19 bits for Fl;
1 bit for 82 ,
19 bits for F2;

which will have roughly the same fraction capacity as the hex-fraction of
24 bits,

There ought to be a reasonably full dual-instruction set, including

packing and unpacking (out perhaps no pipelined divide). I feel dual arith-
metic to be more useful than double multiply and double divide, and am

again advocating their removal to make room for(m%alinstructions.

’I‘ ien Chi Chen

TCC:wwa ' - R
e¢e: Dr. G. M. Amdahl - Dr. H, Schorr
Mr. G. F. Nielsen Dr. E. H. Sussenguth L. Conway
Mr. R. E. Pickett SADL : : Archives
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IBM CONFIDENTIAL

May 12, 1967
Advanced Computing Systems

Menlo Park ’ ,
w - IBM

Subject:

Refsrence:

To:

{0

Architecturally Critical Paths in the MPM

Dr, H. Schorr

Attached is a list of critical timing paths within the MPM from an archi-
tectural point of view. Degradation in any of these paths would have a
major detrimental effect on overall MPM performance., By overall is
meant a global effect, rather than a local effect such as slippage in divider
performance;Of the twelve points noted, those involving the contender
stacks and. mt‘érlocklng are by far the most critical.

E. H. Sussengutl

?\l utmd&\b

EHS:slb

cc: SADL
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L ' Effective address path: (7 cycle path)

ea generation (three input add) 1 -
bus to BLCU 1/2
. BICU interference resolution 1
storage delay including bussing 3
T BICU decision per tag entry 1
bus to MPM 1/2
internal MPM bus to functional unit 0

1L, ‘By-pass from functional unit oﬁtput to input (O cycle path)

1. Full bypassing is eminently desirable.

2. If specialized bypassing is necessary the following groupings
are the most important:

add to add
add to mpy
mpy to add
mpy to mpy
add to cmp
mpy to cmp

mixed mpy to d. p. add
d.p. add to d. p. add

integer add (with respect to carry register)

shift to shift
shift to logic
logic to shift
logic to logic
shift to cmp
logic to cmp

index add to ea add
index add to emp

cmp to branch/skip control

111, A-unit interlock control

When an instruction satisfies its interlock constraints, it must

be logically removed from contention so that other instructions
dependent on it (because of destination-source interlocks or _bus
conflict interlocks, for example) can start execution on the next
eycle, ‘ - o595

‘L. Conway
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IV. - 'X-unit inte_rlock control

When an X-contender stack position is vacated, it is refilled with
another instruction so that the new instruction can be interlocked
and vacated on the next cycle,

The X-unit register data is bussed to the functional units simul-
taneously with the interlock determination. If the interlocks fail,
the functional unit action is logically stopped in such a way that
it can restart on the next cycle. (In particular, a unit with a
pipeline rate of 2 or more, must not be "busy" working on the
iltegitimate data, )

V. Instruction start-up path (3 cycle path in X-unit)

Storage bus to IB's 0 (bypass to dispatcher?)
IB to dispatch register 1
Dispatch to contender 1
Contender to functional unit 1 (2 in A-unit)
- VL Effective branch address path

The worst case timing situation occurs when an EXIT has been
detected (in the X-dispatch registers) and the BRANCH instruc-
tion has not been executed (is in the X-contender stack)

The computation path is:

interlock tests on BRANCH cycle 1
compute eba, successful /unsuccessful cycle 2
test top DO table entry:

if DO entry is correct:

next instructions to dispatchers cycle 3
if DO entry is incorrect:

correct DO table cycle 3

next instructions to dispatchers cycie 4

VIL DO Table alteration

On each cycle both A~ and X-pointers can be moved, an old entry
be deleted, and a new entry be accepted.

L. Conway
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DO table control of instruction flow

The table entries indicate the number of cycles required to validate

DO table entries and permit movement of new instructions to
dispatch registers.

if top DO entry is correct incorrect

if required instructions in IB 1B storage
unsuccessful branch exit 1 2 1 + access
successful branch exit 1 2 1 + access
no exit (normal sequence) 1 2* 1 1+ access¥

*pathological case (hence unimportant)
Next-fetch mechanism

On each cycle the next-fetch mechanism must search IB addresses,
send an address to BLCU, search PSC registers, increment its
contents by 8, and accept an override signal from the branch
control.

Comimtation dependent SKIPs
The following sequence of instructions illustrates the problem

AB < any A instruction
Cz eAB 2 Alo

SKIP if C2 or C30

* any A instruction

The data/control sequence is

end of computation (A-unit) cyele 1
result to compare unit (A-unit) cycle 2
compare result to condition bit

condition bits to skip test unit . cycle 3

compute skip condition (X-unit)
skip condition to A-unit interlocks

start bussing on NOP the *-ed op (A-unit} cycle 4 .

L. Conway
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XL

The sequence noted (A-unit compare, SKIP, * on A-op) is probably
- the worst case as the path involves A-to-X and X-to-A communi-

cation and is a relatively frequent occurrence in code. The dual
sequences are: '

 (X-cmp, SK, * on A): X-unit skew should alleviate this

(X-cmp, SK, * on X): no inter-unit paths (but important
in X-unit)

(A-cmp, SK, * on X): one inter-unit path, of less program-
ming significance

Computation dependent branches

A discussion similar to VII obtains, An illustrative sequence
is:

A3 < any A instruction

02 < A3 > Alo
BRANCH if C, or C

2 30
EXIT

Functiona! unit performance

The current performance of the functional units are noted below
Floating point, 48-bit ADD 3/1 and 4/1

MPY 371

DIV 10/7 or 10/8

CMP 1/1
Floating point, 96~bit ADD 4/1

MPY 5/3

DIV 17/14

CMP  1/1 (maybe 2/1)
Floating point, mixed MPY 3/1

DIV 10/7

Integer ADD 2/1

' MPY 472

Index integers ADD 171 = -~
MPY 4/2 (improve to 3/1)
DIV 13 max, 8 avg (improve to 8 max)
CMP i/21 -

Shift, logic, moves '

(A and X) i ©53
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