<:f§/) PMS:

A NOTATION TO DESCRIBE

e 4
COMPUTIIR STRUCTURES

C. G. Bell, M, Knudsen and D, Sicewiorek
Carnegic-Mellon University
Pittsburgh, Pa,

ABSTRACT

PMS (for Processors, Memories and Switches) is
a notation that was initially used in a textbook
(Bell and Newell, 1971) to describe the physical
structure of parts of computers, computers, and
computer networks. The use of PMS components ap-
pears to be a natural way to describe information
processing systems. IMS has been used: pedagogic-
ally; to focus analysis on certain structures; at
lower system levels to describe register transfer
and switching circuits structures; and as the basis
of a computer implemented data base and analysis
language.

INTRCDUCTION

Although the PMS notation was developed to
describe the physical structure of computer systems
for a textbook (Bell and Newell, 1971), it has sub-
sequently evolved to a basic set of components for
information processing. PMS was developed to pro-
vide a systematic treatment of physical structures,
since many functional names are often used to de-
scribe the same object (e.g., memory and storage).
Also many objects may have the same functional name.
For example, within a single organization the name
Multiplexor might be applied to a time-multiplexed
processor, a comnunications link, a switch used to
connect multiple processors to a single memory, or
a combinaticnal circuit with multiple inputs and a
single output, It was also our aim to give a uni-
form meaning and definition to components (e.g.,
processors) to facilitate better communication
among professionals, *

There are seven basic component types, each
distinguished by the kinds of operations it performs:

Memory, M. A component that holds or stores in-
formation (i.e,, i-units) over time. Its operations
are reading i-units out of the memory, and writing
i-units into the memory. Each memory that holds
more than a single i-unit has associated with it an
addressing system by means of which particular
i-units can be designated or selected. A memory can
also be considered as a switch to a number of sub-
memories. The i-units are not changed in any way by
being stored in a memory.

Link, L. A component that transfers information
(i.e., i-units) from one place to another in a com-
puter system. It has fixed terminals. The opera-
tion is that of transmitting an i-unit (or a se-
quence of ther) from the component at one terminal
to the component at the other. Again, except for
the change in spatial position, there is no change
of any sort in the i-units.,

Control, K. A component that evokes the operations
of other components in the system. All other com-
ponents are taken to consist of a set of discrete
operations, each of which -- when evoked -- ac-
complishes some discrete transformation of state.
With the exception of a processor, P, all other
components are essentially passive and require

some other active agent (a2 K) to set them into sr-ail
episodes of activity.

Switch, §, A component that constructs a2 link be-
tween other components, Each switch has associated
with it a set of possible links, and its operatioxns
consist of setting some of these links and breakinz
others.
Iransducer, T. A component that changes the i-unit
used to encode a given meaning (i.e., a given refer-
ent)., The change may involve the medium used to
encode the basic bits (e.g., voltage levels to rag-
netic flux, or voltage levels to holes in a paper
card) or it may involve the structure of the i-unit
(e.g., bit-serial to bit-parallel), Note that T's
are meaning preserving, but not necessarily informa-
tion preserving (in number of bits), since the en-
codings of the (invariant) meaning need not be
equally optimal,

Data-operation, D. A component that produces
i-units with new meanings. It is this component
that accomplishes all the data operations, e.g.,
arithmetic, logic, shifting, etc.

Processor, P. A component that is capable of inter-
preting a program in order to execute a sequence of
operations, It consists of a set of operations of
the types already mentioned -- M, L, K, S, T and D --
plus the control necessary to obtain instructions
from a memory and interpret them as operaERons to be
carried out. .

COMPUTER MODEL (IN PMS)

Components of the seven types can be connected
to make stored program digital computers, abbrevi-
ated by C. For instance, the classical configura-
tion for a computer is:

C := Mp =P =T =X

Here Pc indicates a central processor and Mp a
primary memory, namely, one which is directly ac-
cessible from a P and holds the program for it. T
(input/output device) is a transducer connected to
the external enviromment, represented by S, (The
colon-equals (:=) indicates that C is the name of
what follows to the right,)

The classic diagram had four components, since
it decomposed the Pc into a control and an arithze-
tic unit:

—~—K—=T — —D—T —X
MP K T X or MF\’ . "r

| i
D N -

where the heavy information carrying lines are fer
instructions and their data, and the dotted lines
signify control., Diagrams such as these correspond
roughly to the conventional, simplified block dia-
grams of computers. The following one from the MIT
Whirlwind computer is one of the earliest. Later
we will diagram Whirlwind in PMS notation.
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Often logic operations were lumped with con-
trol, instead of with data operations -- but this
no longer seems to be the appropriate way to func-
tionally decompose the system.

Now we associate local control of each com-
ponent with the appropriate component to get:
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where the heavy lines carry the information in
which we are interested, and the dotted lines carry
information about when to evoke operations on the
respective components. The heavy information car-
rying lines between K and Mp are instructions,

Now, suppressing the K's, then lumping the proces-
sor state memory, the data operators, and the con-
trol of the data, cperators and processor state
memory to form a central processor, we again get:

Mp —— Pc —— T —X

Computer systens can be described in PMS at
varying levels of detail. For instance, we did
not write in the links (L's) as separate components,
These would be of interest only if the delays in
transmission were significant to the discussion at
hand. Simf{larly, often the encoding of information
°  unimportant; then there is no reason to show the
! . The same statement holds for K's. Sometimes
“cr.e wants to show the locus of control, say when
there is one control for many components, as in a

tape controller. But often this is not of interest.
Components are themselves decomposable into
other components. Memories are composed of a switch
(the addressing switch) and a number of submemories.
Thus a memory is recursively defined as either a
memory or a switch to other memories. The decomposi-
tion stops with the unit-memory, which is one that
stores only a single i-unit, hence requires no ad-
dressing. Likewise, a switch is often composed of
a cascade of l-way to n-way switches. For example,
the switch that addresses a word on a multiple-head-
ed disk might look like:

M.disk :=

S(random) S(random) S(linear) . S(cyclic) M(word)
AN AN \ AN

- . . -
) . . .
. . - .

The first S(random) selects a specific Ms.disku
drive_unit; the second S(random) is a switch with
random addressing that selects the head (the platter
and side); S(linear) is a switch with linear access-
ing that selects the track; and S(cyclic) is a
switch with cyclic addressing that finally selects
the M(word) along the circular recurring track.

Note that the switches are realized by differing
technologies and thus have varying performance.

Various notational conventions designate speci-
fications for a component, e.g., Mp for a functional
classification, and S(cyclic) for a type of switch
access function in the case of rotating memory
devices like drums. There are many other additional
specifications one wants to give -- a single general
way of providing additional specifications is used
so that if X is a component, we can write:

X(a]:v]; a,:v,; eres)
to indicate that X is further specified by attribute

a, having value v,, attribute a, having value v,
etc, Each parameler (as we cal% the pair a:v) is
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well defined independently of what other parameters
are given; honce, there is no significance to the
order in which Lhey are written, or the number
which have to be written,

computer systems at varying degrees of detail.
Whirlwind computer is represented as:

The following PMS diagrams describe actual

Pt

T.console
Mp] Pcz___ Ko S3r__.K —— T(paper tape; readerlpunch)'
—T—— E K —— T('Flexowriter; 10 char/s)
K —— T(CRT; display; area:52|102 in2)~
K — T(light; pen)"1

1
K —— T(film; camera)«

4
Mp —

-

K-.S-.MS(IA:B; drum; td:16~17600 ps;
64 ps/w; 12 x 2048 w; 16 b/w

— K~-S5—Ms[#0,1,2,3a,3b; magnetic tape; }—

800~1000 ft; 30 in/sec; (2+!
index) b/char; 100 char/in

]M(tcggle switch; 8 us/w; 32 w; 16 b/w)

2Pc(SO kop/s; 16 b/w; 1 instruction/w; 1 address/instruction;
M.processor state (3 w); tect >logy; vacuum tube; 1948 ~

1966)
3S(fixed; from: Pc; to:
4Mp(#O:l; core; 8 us/w; 1024w;

Note that most of the important attribute:value
characteristics about the machine are given. 1In
addition, it might be noted that the machine has
orly limited processnr/input-output concurrency due
to the switching structure.

At a somewhat higher level, PMS is useful for
describing the structure and the interaction of
variocus larger components in a computer network.
The IBM two computer, ASP system can be represented
as:

C('Main)ys ==

Mp((.25 ~ 1) megabyte).
’-

Pio... Pc('IBY System/360 Model 65, 75)

T _ T —
Ms(disk)... Ms(magnetic tape.,.Ms(drum),,.T

C{'Support) :=

Ms(disk)... Ms(nagnetic tape)... T

I A 1

Pio...

Mp((.1 ~ .5) megabyte)

Pio,..
'

)
Pc('1BM System/360 Model 40, 50)

| |
T(card)... T(line; printer)... T(typewriter)

! l

Here, we have not described several of the important
characteristics such as the link bandwidth, and
various characteristics of the interconnected com-
puters although we could have,

-

Similarly, lower level features can be shown

8 K; concurrency: 1)

16 b/w; taccess: 2 ps)

as in the mapping structure between a processor and
its memory:

—— L(data)

Mp ¢—— K(address translation) + L(addrass) +« )Pc
M(content; 8 ~ 16 words)

Again, a diagram might also include the infcmmation
rate and width of the links, and the access time of
the memory.

PMS can also be used at the register transfer
level. In fact, we have used PMS to name-and de-
scribe a system of register transfer modules called
RTMs (Bell, Grason and Newell, 1972). In this sys-
tem, a wiring diagram for a digital system
to compute the sum-of-integers to N is shown in
Figure 1. )

At a much lower level of detail, the PMS names
adequately and clearly describe the structures of
switching circuits. Most combinational circuits
correspond to data-operations D's or switches §'s,
and combinational circuit design consists of meking
more complex D's and S's, Sequential circuits take
small amounts of memory M, and proceed to build con-
trols K's. At a higher level more complex sequen-
tially controlled P's are formed from D's and K's.
Finally, the special name of P's and C's are used
for particular structuvres,

USES OF PMS

Although we have no specific data, the fact
that PMS provides a small number of information pro-
cessing primitives to learn is indeed a comfort to
both the novice and professional alike, Namely, in-
formation processing is presented in an orderly,
easy to understand manner. There is no barrage of
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what appear to be newly invented devices, which
turn out to be mere inventions in marketing names
and numbers. PMS can thus be used for brochures
‘and catalogues to provide concise descriptions of
ommercially available computers, and to specify a
.uyer's requirements in a call for bids from sup-
pliers.

Pedagogically, the PMS notation can be used to
develop an understanding of the overall behavior of
computing systems. For example, several computing
systems can be compared using PMS notation. The
PMS representation can be designed so that only a
few key parametars are presented to the student,
thus requiring a step-by-step analysis to assess
the capabilities of each structure,

The fact that there is a well-defined level
has a positive effect on the formulation of prob-
lens for analysis. PMS can be used to analyze
various aspects of computer systems, such as: dis-
tributing of I/0 devices and controllers for in-
creased I/O rate and/or throughput; tweaking of
existing structures to increase throughput; examin-
ing I/O priority schemes; predicting system per-
formance with the addition of specialized hardware
(such as a cache cemory, associative memory, etc.);
and modeling systex reliability. We are in the
process of compiling a set of problems for these
structures which have been developed at various
universities.

There has also been research which carries out
analysis at the PS level, including creation of
programs to mechanize the analyses, Strecker (1970)

.developed a closed form analysis for performance of
ltiprocessor systems.

Bhatia (1972) has studied a model for time
shared nulti-processor computer systems where each
processor has an associated cache memory. An APL
program was developed which allows a designer to
interactively balance a system design., A detailed
study of cache memories was also made to determine
cost-performance as a function of cache parameters.

Other theses in progress are directed toward
further developm=ent of models and analytic tools
for combining PMS components to form processors,
computers and networks. At one extreme, this work

-assumes that information flow is continuous, but

Control part
ENTRY

Kevoke (I-N) —— 3

Ke&oke(S*O)-__ﬁ

Kserial merge

Kevoxe (S+-S+I1) —> >
Kevoke (I~1~1) ——y
Kbranch(1=0?) «—r

no 1 yes
XIT J
Figure 1.

230

with stochastic behavior, and thus can be modeled
using both steady state and signal flow techniques.
In more difficult cases, continuous systems simulat-
ors are used. At the other extreme, it is necessary
to know the behavior (load) of the system, and to
model it discretely.

The main effort to make PMS more than a notation
scheme has been carried out by Knudsen, in his Ph.D,
research (Knudsen, 1972), PMS was implemented as a
man-machine language for building up data files of
computer descriptions. Several subprograms using
these descriptions tally characteristics such as
cost. Two analytical routines carry out reliability
estimation and graphical displays of multiprocessor
performance and efficiency as functions of any two
independent variables, based on the Strecker formula-
tion. Future work will include: comparison of com-
puters, checking for correct configurations, pin-
pointing of bottlenecks, etc.

CONCLUSTONS

We have been working with the PMS notation for
several years, and have found that it more than sat-
isfies our initial pedagogical and descriptive re-
quirements. Subsequently we and others have used
and extended it to formulate and solve other prob-
lems at all levels of digital systems.
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