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Introduction

The performance of state-of-the-art processors and the urge towards
standardized open svystems even at the binary code level (Application
Binary Interface) make each attempt to develop new processor archi-
tectuwres highly questionable.

But tne probliem is not so obviouws. Just the advent of open architec-—
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smprosches to Pe-s ormanzs LoTimizetion

Two approaches were decisive for the development of recent popular
computer architectures:

1. Optimization of machine instructions.

~

2. Exploitation of inherent parallelism in ordinary programs.

Machine instruction optimization is the core of the RISC-CISC debate.
Instruction Jformatting, instruction +timing, instruction pipeline
structure, and register architecture are decisive for sheer perfor-
mance as well as for the performance-to-cost-ratio of a processor
architecture. Like in other fields of engineering, it has shown that
near-optimum solutions will be well-balanced compromises: academic
purism (e. g. RISC ve. CISC) is one thing, success on market is an
other. To exploit inherent parallelism requires the capability to
execute more than one operation at & time. This could be achieved by
pipelining the operation unit, by providing multiple operation units,
or by & combination of both {(superpipelined/superscalar machines). To
aexecute multiple operations in parallel requires appropriate princip-
les to detect the parallelism and to control the hardware. This could
ba done by means of hardware support to detect parallelism duwing
runtime and to issue more than one instruction in one machine cycle
{("sroreboard" principles). An alternative approach provides extraor-
dinarily long instructions which encode all operations to be executed
simultaneously (Very Long Instruction Word Machines; VLIW). This
orinciple reqgquires the parallelism to be detected during compile
time.

Thesse approaches emerged mainly from measurements of instruction
usage statistics, cache hit ratios, register allocation etc. In
consequence, such architectures are already highly optimized. The
optimization under the aspects of contemporary application programs,
languages, and programming practice, however, will reach a point of
saturation. Obviously, architecture development will reflect past and
current orogramming habits, if essentially based on statistical dats,
thus leaving opportunities for further innovation untouched.

Hence the development of even better architectures requires to com-—
plemant measuwrement-oriented approaches by completely new concepis.
Architecture optimization should not be restricted teo the machine
instruction lavel but should also consider decisive application re-—
guirements directlvy.

This leads to an additional third approach:

FZ. A helistic all-embracing view from the applicetion requirements
{the problems to be solved) over the statements in & programming
language and the compiled instruction sequences down to the register
transfer structure of the hardwars and the individuwal machine cycles.

Many important classes of application problems have & unsatiable
demand +or computing power. In such cases, the design of special
hardware ssems to be am obviows solution. Clearly, it is not feasible
to provide special high-performance processors for  each  important
application problem, but the performance superiority of properly
designed dedicated hardware is really impressive. This leads to the
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. Design orinciples and nardwere structures of special DroCessors
shouwld be used directlv for the design of the universal computer.
Thisg does not mean tm combine an universal computer with dedicated
coprocessors in the obvious wav. Instead., the principles and struc—
tures should be inherent in the architecture of the unlversaT proces—
sor. Examples: dedicated circuitry for each kind of operation (multi-
ple execution units), various dedicated storage means with parallel
independent access paths, control and address calculetion hardware
adapted to typical innermost loops and access patterns.

ugmputer architecture development today cannot rely on  accidental
revolutianary inventions. instead, well-proven methods of scientific
i to be used to reduce the amount of fgut

anda englneerl ng work nad
i

feel’ decisions and thus To minimize the overall risi. Thise means: &
T

svstematic step-bv-stepn approach, the reduction of compliex problems
to simpler ones, and the svetsmatic experimental abandonment of
todays  conventions or de—+facto standards, respectively. To achieve
Further improvements . it zeems necessary to abandon current conven-—
tions (&. g. the bvie structure, the UNIX-stvie file handling etc.)
andg to work out as many new concente as possible. These conoep

e be evalusted and compared agsain
ano rather svolutionary approaches (@

introouoed architectures:,

current architectuwral princinles
" g the amprovement of wesll-
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I+ the ensemble of processing resources has been selected, performan-—
ce will be determined by the connection (data path) resources toge-
ther with the memory resources. These resouwrces are decisive to feed
the processing resources with data and control information.

The influence of instruction formats, addressing modes etc. is signi-
ficant at the third place only. These architectural features must be
designed with the main objective to keep most of the resources busy
with useful workload the whole time.

To investigate these problems more in detail requires a closer look
at the hardware structure (Figure 2).

Frocessing resources are made of flipflops or hardware registers and
combinatoarial circuitry. All flipflops and hardware registers of the
processing resouwrces are regarded as a resources vector. Farts of the
resources vector need information from storage means, parts deliver
selection information (addresses) or data to storage means, and parts
of the resouwrces vector are fed back one upon another. This simple
paradigm applies to all hardware structuwres which are provided to do
digital f{binary) information processing, and it allows to investigate
several design alternatives systematically (see "A Blimpse of the
FRegister Transfer Level - the Resources Vector").

According to this paradigm, the obiective of computer architecture
development is to provide powerful, cost-effective, feasible, and
versatile collections of resources. This probiem may be tackled
systematically according to the following steps:

1. An  inventory of approprisate resouwrces is to be defined (storage
structures, control circuitry, operation units, address calculation
citrcuitry, interconnection structuwes etc.). For each resouwrce type,
performance and cost are known. Each type can be specified by a set
of data structures and a set of operations defined on them. Hence the
resources may be described formally by some kind of algebra (see "The
Resources Algebra Concept - an Informal Sketch').

Z. To design & concrete machine requires to create a concrete ensem—
ble of resources which are to be selected from the resouwces invento-
Fv. A common objective for optimization is to mavimize performance
within given cost constraints (. g. silicon area or transistor
count, respectively).

(D]

« In the next step, the memory and interconnection structures are to
2 developed.

=)

”

4. The last step is concerned with instruction set design, i.e. with
the +ormatting of control information. I+ the applicetion profile is
known, this is also an optimization task which may be solved systema—
tically.

Such  an architecture is characterized by its resources alagebra. The
instruaction s=2t in the converntional sense is  less  important. This
ieads guite natuwrally to the idea to use the resowrce algebra as the
primary compiler target.
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Manyv vears of work had led to cost-ar s p hardware resources whnich
exnibilit considerably high performance. Hence it is not gasy to find
sources of further improvements. Here are some obvious proposals

b

1. New kinds of resources may be added to the inventory, e. g. more
sophisticated (perhaps specialized) types of operation units.

2. In new architectures, the guantity of resources may be increased
s0 that inherent parallelism could be exploited (superscalar archi-
tectures).

Zia Each kind of resouwrces is still subject of internsal optimization
even i+ the improvements to be expected may be rather small.

The Faradigm of Object Orientation

Ubject orientation is a necessity to master large software complexes.
After the failure of 1APX43Z2, hardware support for object orientation
has gone out of vogue. But it is necessary to attack this problem. It
seems possible to achieve a breakthrough if more hardware, 1. . an
adeqguate resources ensemble, will be provided. (The expenditure of
resources will be, in terms of gates and memory cells, or, with other
words, in terms of silicon real estate, beyond the scope of customary
MiCroprocessors. ) Such systems would be clearly superior compared to
conventional architectures. For sxample, the access to descriptive
information, e. g. object reference tables, object type descriptions
etC., is decisive to overall performance. In such access sequences,
an access is often dependent of information read in the previous

HCCERES. A typical example is the access sequence according to Figure

bz s@lector in the instruction -» access reference table of the
current program  (occasionally referred to as capability table)y -
obhiect reference table —» content of the object. RISC—-stvlie overlap-—

ping principles are completely useless. The only effective solution
is a structure of dedicated storage means together with appropriate
access paths and control circuitry, 1. &. the incarnation of the
access scheme in dedicated hardware.

The Principle of Controlled Cardinality

This principle means to expose the finiteness of hardware resources
e,p11c1tely in the architecture definition. Each ensemble of hardware
resources 1is charcterized by & finite number of resources and by
inite cost limits ("silicon budget"). Clearly, this Ffiniteness
should be hidden from the user; he should be in command of virtually
unlimited resources. This is an important objective for each good
programming language and operating system. Compilers, runtime envi-
ronment, operating svstem, and hardware must work together to achieve
this effect. At the instruction set architecture level, two approa-

ches are applied to cope with the finiteness:

.*.l

1. The qguantity of resources is kept scarce, according to tight
cm:t/+ma§ibility constraints. A owell—-iknown example is the register
tile of the processor. To make efficient use of the resouwces is left
to  the programmer or compiler, respectively. To find compromises
petween cost, feasibility, and appliceation requirements, a lot of

e
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2. The cardinality provided is so large that it can never go exhau—
sted. This approach is typical of the storage address space (IZ-bit
or even &4-pit addresses). To implement this principle means either

excessive (in most cases prohibitive) expenditures or additional
provisions which are effective during runtime to take special mea-
sures 1f some technically feasible limits have been xceeded. The

most prominent example is the paging mechanism of the virtual memory.

The second approach has the obvious advantage of elegance. But it has
also drawbacks with respect to hardware cost, machine cycle length,
code sire, and runtime behaviour. To exercise program control (i. e.
to select one of the resources for use), the large cardinality must
be coded somewhere (e. g. within the instructions) . This means
considerably more bits per instruction and thus an increase in code
sizre. More complicated hardware may lead to & longer machine cycle.
The runtime behaviour may become unpredictable {(example: page thra-
ehing in virtual memorvy).

There are many good principles which could be implemented in a feasi-
ble scale, but which would reguire some compromises if implemented in
large scale. Hence cardinalities in an architecture should be speci-
fied according to feasibility constraints. Example: A 1é& by 1é6 cross-
bar network of fast I2-bit date pathe is feasible, & 1024 by 1024
crossbar 1is not. Thus the architecture of the storage subsystem may
specify modules of 14 memory banks each and & makimum of 1é& nonblok-
king access paths. Hence each system programmer or compiler author
couwld rely on the corresponding hardware properties or performance
characteristics, respectively. An other example is hardware support
for obiect orientation. A significant improvement in performance
Feguires an appropriate structure of dedicated fast storage devices.
The maximum capacity of these devices must be specified in the archi-
tecture so that performance—decisive access paths could be passed in
one machine cycle. This could be achieved easily for object identi-
fiers of 12 to 16 bits in length by applicetion of fast static
MmeEmor i es (4 to &4k), but obviously not for extremely large (e. .
LA4-bit—-) object identifiers.

The Principle of Incarnated Abstractions

This is the underlying principle for the selection of functions to be
cast in hardware and for the selection of targets for further impro-
vement .

Contemporary computer architectures had been optimized mainly on the
instruction level. To that end, optimization data had been gathered
by measurements and statistical evaluations based on existing pro-
Y ams . To be committed to existing programs only means to transfer
conventional programming habitse to new architectures, and may prevent
from discovering opportunities for innovation.

Thus the heolistic approach is am ultimative necessitv. Application
requirements are to be studied according to their dintrinsic struc-—
tures, not influenced by current programming habits. The base of
prparience may be found in sciences which correspond to important
classes of application problems, like applied mathematics, Fformal
logic, linguistice etc. AN obvious sowce of experience are the well-
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These bases of experience are to be scanned systematically to +ind
out widely accepted information structures and operations which are
suitable to be cast in hardware structures (i. e. incarnated), or
which provide a significant degree of usable inherent parallelism,
respectively. From such systematic work, targets for future innova-
tion may be identified. This is related to further improvement of
already known resources (e. g. new operation units for numerical
calculations) as well as to entirely new hardware structures. In
other words: the principle of incarnated abstractions serves for
selection and specification of features which are worth to be incar-
nated in dedicated hardware according to the approach to apply design
principles of special processors.

An Example Architecture Froposal

Fhilosophy and Basic Concepts

Experience has shown the usefulness of designing "paper machines" at
particular stages of research activities. In our case, we concen-
trated on high-end sysetems and intented to develop a "good" (i. e.

universal, powerful and cost—-effective) high-performance machine
which could replace many of the current multimicroprocessor systems
and which could be modified to be a superior building block for
massively parallel svstems.

The microprocessor in the true sense of the word was deliberately not
cheosen as the first research target. From the angle of the resources
paradigm, microprocessors are simply some kind of an ensemble of
resources. These resources had to be selected primarily under severe
cost constraints (e. g. silicon real estate or transistor count,
respectively) and under the constraint to provide off-chip interfaces
which could be used by customers easily (regular address and data
buses, timing schemes which fit for popular memory I0s etc.). Clear-
lv., to design a whole system from the scratch, without the intention
to s2ll the integrated circuits individually, allows for more degrees
of  freedom. PBesides, contemporary superscalar processors could be
characterized acocording to our terminology, too (see "How Far are
Contemporary FProcessor Architectures from Our Frinciples?").

The objective of the proposal is to provide even more functionality
and sheer performance. Supercomputer processing performance should be
combined with the capability to manage a large database which may be
upgraded to a true knowledge base. Moreover, 1t should constitute an
implementation target for the IC technologies of the P0°'s, thus it
should make efficent use of large RAM structures and of logic cir-
cuits comprising a few million transistors. This paper machine may be
characterized by the following highlights:

& The architecture will be specified by a resources algebra.

o Urthogonalitv: the architectural specifications are independent
of sach other: data structures, descriptive structures, instruction
formate, length of machine words, ingtruction issuing mechanism,

selection mechanisms. f collsction of Ada packages may be a good
paradiom for such specifications.
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The FBM  to the | Pwhich may be consigersd sim..ar 2o RAaM o im
conventional archltectures, Frocessors reference to the K via ob-
Jject identifiers and appropriate commands fAccess to the XEM is  via

conventional addressing.

“nowledge Base Memory

The KBM is a heterogenous configuration which comprises a structure
memory, an  array of data memories, and the necessary interfacing
provisions. The structuwe module provides the hardware support for
the object orientation. Each information structuwre is considered to
be an object which can be accessed by its identifier. The identifier-
to—address mapping is done by specialized hardware which includes
dedicated memory structures (here, the principles of incarnated ab-
stractions and contreolled cardinality have been applied). Figure 7
illustrates the flow from the access control information (which may
be part of an instruction) to the data address of the object content
(this scheme is complemented by Figure & and Table 5.

Memory space is allocated in form of containers. In the architecture,
the container sizes are standardized (if only one container size were
provided, the concept would be similar to the conventional paged
virtual memory) . Complex allocation principles are implemented to
guarantse that the date will be stored according to the particular
use  (for  high-speed processing, &n object should be stored as an
entity, For retaining in a backup storage, data may be scattered,
and even data compression may be applied).

Frocessor module
The components of the processor module will be explained according to
Figure &3

w The Control Memory CM contains the last recently used instructions.
It may be compared to a conventional instruction cache, but according
to the principle of controlled cardinality, software can exercise a
tighter control (thaere are sxplicit instructions to load programs
into the CM, and hardware provisions to access these programs direct-
ly which allows for a shorter machine cycle than  the usual set-
associative access mechanism)d., In the example, the CM is composed of
four banks of 4k buckets (128 bits eachi.

® The References/Data Memory RDM may be compared to the conventional
data ceche, but it is, similar to the OM, subject of tight software
control, Eex ent:al]y” it is used to hold access descriptors (capabi-
lities; see Figwes 7,8) and temporary variables of the active pro-
Crams (it resembles somewhat to & scratchpad memory or to the on—chip
RAM  of the Transputer, respectively). In the example, the RDM is
composed of four banks of 4k buckets {(sach bucket may contain two
access descriptors  or some temporary variables, according to the
particul ar data type).

& The Selector/Iterator Resowces Ensemble SIRE is essentially =&
collection of address calculation meang similar to the sxample shown
im Figure S. Adequate hardware is provided to ensure that the proces-—
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®#« Tne Frocessing Resources Ensemble FPRE consists of four processing
units, called FProcessing Resources Collections FPREC.  Figuwre @ iliu-
strates the structure of a FRC. There are resources for numerical and
non-numearical (logical, graphics) processing as well as For the
detection of various conditions. Interndlly, a Multipurpose Memory
MFM is provided. It may be used as a scratchpad, a stack cache, or as
a collection of vector registers, respectively. In the example, it is
composed of four banks of 256 buckets each. Multiple data paths are
64 or 128 bits wide, and all resources are designed for maximum
performance. Some of the resources could be operated in parallel. The
FRC may be considered somewhat similar to state—-of-the-art proces—
sors, like 1860 o TMS Z4082. (For a glimpse of more details, see
MATS1.)

System expansion

The system could be expanded according to an "inverted tree" scheme
(Figure 10): The KBM subsystem could be extended by more KEBM units.
Multiple XRE units could be attached to the EEM. Up to two processors
could be attached to one XEM. Thus memory capacity and processing
performance will grow togethsr adegquately if the architecture is
sxtended to true parallel (medium-grain MIMD-type) processing.
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The Generality of the Resowces Faradigm

The simple paradigm, sketched roughly in Figure 1 [MAT01, covers
even the sxtremes in computer architectuwre: the “puristic' v.MNeu—
mann as well as the dataflow concept.

In the v.hNeumann architecture, the control memory is accessed
saquentially. The sequence is determined by the control means
according to hard-wired algorithms of instruction address coun—
ting or branching, respectively. Besides, in a genuine v.NMNMeumann
machine there is only one memory: i. e. control and data memory
are unitied. v.Neumann machines are performance-limited since the
DFOCeSssing resources are controlled ssguentially. Hence inherent
narallelism during runtime cannot be exploited.

In a datafiow architectuwrs, the control memory is essentially an
azsociative memory which delivers control information according
to the availability of resources and data. Obviously, this allows
for mavimum performance, but such an completely associative con—
trol memory is cost-—-limited. Implementations of practicable size
will requlre compromises between associative and sequential E-Yotad
cees, 1. 2. bhetwsen performancs and cost, respectively.




A Blimpse of the Register Transfer Level -~ the Resources Vector

The resources vector paradigm (Figure 2) means essentially to
study and evaluate architectural principles at the register
transfer level. Evidently, all architecture proposals which pre-—
tent to become implemented must have this level in common. Our
approach is not to start architecture design by deciding between
CcIrsc, RISC, VLIW etc. principles, but to consider an ensemble of
rasources which has been assembled together to fulfill specific
cost/performance  obiectives, and to provide for the most effi-
cient use of these resources. We want the resources to do useful
work in sach machine cyele, thus "auxiliary" cvocles which contri-
bute mnothing to sclve the applicetion problem (like instruction
fetches, address calculations etc.) have to be avoided. Figure 3
&) illustrates the obvious solution: in each machine cycle, &ll
the necessary control and data information from memory must be
gelivered in parallel. VLIW and dataflow architectures come close
to this idsal. But cost is high, and some concepts are not feasi-
ble, at least in the nesr {futuwre. The common compromise is to
select onlv a part of the resouwrcss vactor in each machine covole
to encode this selection within the control information (i
2. within the instructions). This scheme (Figuwe 3 b)) applies to
most of the contemporary computers. In RISBC machines, the control
circuity is mersly combinatorial, and each machine cycle is
controllied by & particular instruction. To implement CIBC archi-
tectures requires rather complex sequential control circuitry
{(i. 2. & state machine) or sven microprogram control.
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The Resources Algebra Concept - an Informal Sketch

#n elgebraic structure is characterized by a set of data struc—
tures DI = {D, ...Dp3, & set of operations 101 = {0,...0p>, and a
mapping MD < {IDI! x 101} which assigns to each operation 0 € 0]
the corresponding data structures Dj, Dy... € IDI.

Obviously, it is suitable to provide two kinds of algebraic
structures: an  inventory algebra IA and an architecture algebra
AR,

An inventory algebra IA may be represented like

Ia = {iDH, 101, IRi, MD, MR} where
iDI ise the set of data structures (fundamental data tvpes),
101 is the set of operations provided,
IR is the set of hardware resources (the inventory proper),

MO {Iinl » 1013 is the mapping which assigns date structures to
operations,

MRC LD IR 18  the mapping which assigns operations to
rasources (it has been introduced because some hardware re-
sources  are capable of performing more than one operationg
the conventional arithmetic-logic umit may serve as an Ham-—
pled.

AN architecture algebra AA may be used fto describe a particular
computer architectures

AR = {IRAL, TRC!H, I8} where
IRAT = {RA ... .RALT: RAj e IRT, i = 1.o..ry 16 the set of resources

selected from the inventory,

TRCT = {oyoeeply gre (1,200 4 = 1luawar, is the set which
describes the guantity (cardinality) of sach selected re-—
sOUFCa,

I8 describes the interconnection structure.
These simple algebraic structuwres may be complemented by  other

formalized descriptions of cost, performance etc. (the performan-
ce algebra in MULSE may be considered a stimulating example).




BOX 4

Adequate Cardinalities Froven by Experience

Manvy woerimental  and analviical results are available which
could be used to define cardinalities in  innovative architec—
tures. Important topics are:

- the ize of & register file
-~ tThe sirze of instruction, dats, and stack caches
- the size of memory pages and segments
-~ the number of parameters to be passed in subroutine invo oree
~ fhe freguency of particular operatlons
- Lhe rate of inherent parallelism.
fwo examples will bDa il
l. The size of a stack cache
DRISH microprocsssor LDISYI, & steck cache of
ot VomEroNVl s Thie capacity was ochosen
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Incarnated Abstractions — Three Examples

1. Data types and elementary operations for numerical computa-
tions

3]
3
n

Mathematical research has shown that the following data types

"

necessary to perform numerical computations [EULS1I:
1y natural numbers
2y dinteger numbars
Y resl numbers

4) complexr numbers
iy oinmtervals over Zoand 3

Gy vectors and matrices over 20, 3, and 4},

Hi

and operations are shonan
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Cogramming languags CeEnulr el TE sl L LODDE 20 De

for- AD3 = 1 to ECT do
for ADZ = 1 to ECZ do
for AD1 = 1 to ECI do

...Ccalculations using variables Vi (AD1,ADZ,ADI) ...

erd;
ends
ends;

Usually, the address of an array element Vi (ADL,ADZ2,ADI) will be
calculated according to the formula

ADDRESS (Vi) = &RRAY_BASE + AD1 + {(ADZ-1)+ECL1 + (ADI-1)*ECI*ECE

(EC1,2,3 represent the element count of the correpanding
dimension.)

The iterator hardware avolids address calcwlation in the loop
body. Especially the multiply operations are omitted; they will
be needed only for the set-up of the hardware (offset calcula-
tions) prior to loop execution.

Ze Inherent Farallelism

The rate of usable inherent parallelism depends on the semantic
level on which the problem hes beesn investigated. A lowsr level
means less usable parallelism. Investigations at instruction
level show a rate disappointingly low (e. g. not more than two
instructions are recommended to be executed in parallel; . Q.
JOET,  SMEF) . On the contrary, investigations of Fortran source
code had promissed that from 16 to more tham 128  independent
operation units could be kept busy L[EU741. Hardware implementa-
tion of AFL-like structures and primitves allows for even more
paralleliism; dedicated high-performance hardware (special proces-—
sore optimized for the particular data structures and operations)
have shown to be superior even to (hypothetical) dataflow ma-
chines. These facts emphasize the importance of considering
higher semantic levels for architecture design (the usefulness of
skipping intermediate semantic levels in the process of architec—
ture optimization has been stressed in MALS4, for example).




How Far are Contemporary Frocessor Architectures from Our Frin-
ciples?

Characteristic features of contemporary high-performance proces-—
sors  are completely adeguate to the principles descoribed, or,
from another point of view, thesge principles are merely generali-
rations of and extrapclations from the state of the art which
10w mvoiutimnary wave to still better architectures. Here are a

@w eramples (mainly based on 1860, 1i%60, THE J408Z, Transputer T
i NDLGFD7 L8000 and DEF FHO00E) :

Multiple and ! i operation units may be considered to
gxemnlify the res 2s paradiogm and the principle of incarnated
B A AaTEe 101 and filoating point hard-
i . thus providing parallel
v address caloculations.
archiltectures orovide operations which
processors (s, g. 2lementary graphics
-t fer moves sto, ). Further direc-—
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Stack cache size
IE-hit words)

Hit ratio
(on=-chip references)

0%

42%

SH0%

FIU%

&1%

Tahle 1T:

Empirical results: stack cache

glize ves. hit ratio.

-~



Length of address
field in

(selectior)

relative code

instruction length
variable to the bit 1.0
478712 bits 1.18
&/12/718 bits 1.132
8/1&/24 hitsg 1.4%
only 12 bits 1.78
only 1& bits 2.12
Tike B/7370 .30
Tab/e 2: address (selection)

Empirical results:

field length vs.

code efficiency.
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1.

a row of a matrix
a column of a matrix
the main diagonal of a guadratic matrix

the row section of & guadratic matrix accor-
ding to the upper triangular matriu

the row section of & guadratic matrix accor-
ding to the lower triangular matiru

& vector consisting of the odd elements of
another vector

& vector consisting of the even elements of
another vector

the transposed matrix
the "planes” of a cube

& matriy consisting of the odd slements of
the odd rows of another matrix

submatrices

Tab/e 4,’ Examples of typical sccocess patterns

in numerical computing.



Information structure Memory structure | capacity/width Notes
Context descriptor CRT b4 w 32 bits 1
Context
Reterence
Table
Memory
Access descriptor ART 16k x 128 bits 2
Access (2 descriptors
Reference in 1 bucket)
Table
{in RDM)
Region descriptor RRT 4k % &4 bits )
Region
Reference
Table
Mamory
Object descriptor ORT *16M » 128 bits 4
Object
Reference
Table
Memory

Notes:

1 An instruction can select between 64 Access Reference Tables
which represent the context of the current program. The CRT
memory 1is an auxiliary memory within the RDM hardware (it is
somewhat similar to the display registers in the B &700
TORG7ZZ21). :

Z The current Access Reference Tables are stored in  the RDM
proper. A 128-bit-bucket contains two access descriptors.

I The obiect space of the system consists of max. &4k regions
with 4GE obiects each. The RRT memory is a set-—associative
region descriptor cache.

4 The last recently used object descriptors are held in  the

dedicated ORT memory. Like the RRT memory, it is organized
according to a set-associative principle.

Tab/e 5,' Overview: information structures of

obiject—-oriented access organization

according to Figuwes 7,8.
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Memory

Resources

*Memory
*Processing means
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Control means

|

Figure 1: Computer structure as a collection of

Iggndﬁions I

Confrol effects

resources.
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a) Inmediate assignment

Memory
Resources
vector \\\\
Al [ 1 lJl [ 1, 1 1 1 J I
b) Encoded selection
Memory
| Jlnstruction register
Opcode
\Sperafion J// A
decode Addresses, Data
' ) immediates,
etc.

Parts of the resources

Control circuitry

1

Gating circuitry

vector are loaded

selectively. N " 5

S ERMEEREL .

) N N A S N N T
| bt P

Figure 3: Alternatives: feeding the resources vector

out of the memory.



Data memory

Selector Access reference Object reference
ordinal table (ART) table (ORT) area
(Capability table)
[——’
Adrs |

|

Size |
W

Object content

Access descriptor (capability) ,
Object ident.(ordinal)
Access rights
Object descriptor
Eiofnsfrol__~ Size Address

Figure 4: Object-oriented access scheme,




Steps counting_ Address calculation
Parameter bus l l_'
SEL
(L1) (W1) N\ I /
RG Limit RG Current S.C. RG  (¢fset RG Current adrs
‘ 4
{ — l_l
’ t Address
cp VvV 1 N to ~
Stage1 memory | &
r pod
X i ' J m
to control logic g @
> =
- > 1 | =
- \ SEL 5
(L2) | (W2) T ] =
RG Limit RG Current S.C \ RG  Qtfset RG Cycrent adrs o
ic
| I [—I F_’ -
AR, [na
o
Stage 2 o
P , e - ] o
- - R f £
- EL (7}
(L3) (W3) \S T / S
RG Limit RG Cucrent S.C. RO gfset RG  Cyrrent ades §
A _
{ 1 i f °
\\CTP \V4 / +1 \<DD Vo / =
\_‘__/ Stage 3
13 — - —J

Figure 5:

[terator hardware for three nested DO-loops.

(Stage 1 corresponds to
innermost loop.)



Standardized buses to IO controllers

| | and  subsystems
) A
A
KBM Knowledgé Base Memory Subsystem
Structure Data
Memory Memory
Array
XRE Execution Resources Ensemble
Access XEM Execution Environment Memory
“comrnands
;C(f I Multiple access paths K
&l
24 Multiple %
= CM Control p RDM References/ | ¢
? . Memory reference Dufh%, Data >
o) ¢ Memory =
| % Multiple <
ol € l internal buses L
ER- )
zl & Common 1
= Control | PRC1 PRC?2
\
SIRE Selector/ = 7 PRC 3 PRC &4
(terator
Resources
Ensemble PRE Processing Resources Ensemble

Figure 6: System overview.

one processor




Access confrol information structure

cONTEXT |
N o LS
O
|
\ ORT RAM
[ _
ADD :&DF:T RAM | 3
> ' ; > | ADR
L DO _}
- —l1--—-
k x | ondinal DO
> ( TICMP
/ l RIGHTS S >
' CHECK
) | base
| adrs
CRT RAM x T
l . X: g
ADR
l RRT RAM “exception
= L { ADR signalization
'Gdrs : 0o size
Size
| adrs
1.
belongs to RDM hardware i belongs to KBM
1
|

ﬂgure 7: Hardware incarnation of object oriented data access.

ADD

Data adrs

Structure Memory hardware



Context descriptor

res. size

base adrs

L bits

14 bits

Access descriptor

access rights

region

object ordinal

16 bits

Region descriptor

32 bits

size (max object count]

base adrs of the ORT

32 bits 32 tits
Object descriptor
control information size localization (object base adrs)
32 bits 64 bits

Figure 8: Information structures for

object-oriented data

access.




tMulﬁple
data/instruction ports

—
) y
Multipurpose  (»8kBytes)
\ L
) Control Memory
Arguments selection/
alignment 1 —*|(ADRS)
$ - Multiple argument buses L—’
¥
Y
y
L L 2 v ¥ y 4 Y \ 4 Y lr J? 1
Logic Graphics Conditions
y ¥ ] / ¥ |-Gate thru - Clip *First/last occurrence
\ V - \/ lvert -Draw * No.of occurrences
Add/sub Multiply Divide ’Sﬂd .2-buffer operations | Interval fests
*Or * Max/min detection
“Xor etc.
¥ . L 7 y VL Jy W l 2 y L 2 Y A

Multiple result buses

Figure 9: Processing resources collection (PRC) overview.
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