Bolt Beranek and Newman Inc

LEVEL: /)

mA072423

Report No. 4143

Development of a Voice Funnel System

Quarterly Technical Report No. 2
1 November 1978 to 31 January 1979

B U U Ea e eeed e e e e e e e el G D BB o e

i June 1979
I
(2 ne
Prepared for:
Defense Advanced Research Projects Agency AUG 8 1979 1
= b
f P2 USHESRTIRS
; : ¢>2: D
‘r O
; (&b ‘
; & - DISTRIBUTION STATEMENT A
i Approved ior public release;
‘ . 4 Distribution Unlimited
N 2 o
| 4 c=
E =
1

F
L‘.;




g

(T

/

S T S ' /
(il \M.ZHoffman K. 7 /i b } ( 15 n MDA993-78-C-0356 .,

[76. OISTRIBUTION STATEMENT (of this Report)

Unclassified
SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)

“i-ARPA Order-3(5°

9. PERFORMING ORGANIZATION NAME AND ADODRESS . g
AREA & WORK UNIT NUMBERS

Bolt Beranek and Newman Inc.
50 Moulton Street, Cambridge, MA 02138 ARPA Order No. 3653

REPCRT DOCUMENTATION PAGE BEFORE COMBLETING FORM
1. REPORY NUMBER GOVT gccuuou?‘-lucmur S CATALOG NUMBER
r gt
3
4 TITLE AT e I
==y terly Technical r ,
VELOPMENT OF A VOICE FUNNEL SYSTEM, | Quar
L5 is et s 1 Nov 1978 @e=31 Jan 1979
YT e
RL Efﬂnrcxt RE?SkT-NU = ’ , E"1§=ﬂﬂﬂa=?=?=ﬁn1n=11l'L
(771 BRN. :
;. AU THOR(e) p T g o OR GRANT NUMBER(e)

-

11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPQART DATE
Defense Advanced Research Projects Agency (/7;7, }4 L 79( Z

1400 Wilson Blvd., Arlington, VA 22209 N v

3. “NI!OIING AEENEV NAME & ADORESS(/! dillerent rom Controlling Office) 18. SECURITY CLASS. (of thie report)
q / Unclassified
? [T8a. DECLASSIFICATION/ DOWNGRADING |
SCHEDULE

/
/

DISTRIBUTION STATEMENT A

Approved for public release;
Distribution Unlimited

17. DISTRIBUTION STATEMENT (of the sbetract entered In Block 20, il dilferent from Report)

10. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse side Il necessary and Identify by block number)

Voice Funnel, Digitized Speech, Packet Switching, Butterfly switch,
Multiprocessor

20. A@STRACT (Continue on reveree side If y end fy by bleck der)

¥ This quarterly Technical report covers work performed during the period
noted on the development of a high-speed interface, called a Voice Funnel,
between digitized speech streams and a packet-switching communications
network.

K

FORM
DD , on's 1473  eoition oF 1 nov ¢8 13 cesOLETE Unclassified
SECURITY CLASSIFICATION OF TS PAGE (When Data Entered)




Report No. 4143 Bolt Beranek and Newman Inc.

DEVELCPMENT OF A VOICE FUNNEL SYSTEM

QUARTERLY TECENICAL REPORT NO. 2
1 November 1978 to 31 January 1979

14 June 1§79

This research was sponsored by the

Pefense Advanced Research Frojects

Agency under ARFA Crder No.: 3653

Contract No.: MDA9C3-78-C-0356

Monitored by DARPA/IPTC

Effective date of contract: 1 Sertember 1578
Ccntract Expiration date: 30 November 1980

Principal investigator: K. D. Rettberg Jecsssien e

Prepared for:

Cr. Robert E. Kahn, Deputy Director

Defense Advanced Research Projects Agency ‘7 fodes
Information Prccessing Techniques Cffice Liand/or
140C Wilscon Eoulevard sveeial

Arlingten, VA 22209 Fq

The views and conclusicns contained in this document are those of
th author and should not be interrreted as necessarily
rerresenting the official policies, either express or implied, cf
the Defense Advanced FEResearch Prcjects Agency or the United
States Government.

DISTRIBUTION STATEMENT A
Approved for public release;




“""““"""""""”"—-—wwnvvun----.p....!!!

Report No. 4143 Bolt Beranek and Newman Inc.

QUARTERLY TECHNICAL REPORT II

Contents

1o e 135478 0 (v h7(3% i o) o CSPR R i & e ey WA e ISt SN S | S

2. Operating System Development . . « ¢« « « ¢« & ¢ « o« o« s o ¢ 2
2.1 Operating System Overview . « s « » o & s« s 2 5 s » » « 2
2«2 Bxplolting Parslleliam . + + « 5« ¢ s % %« & 5 5 % 5 & s 7
6

€

7

3. S8witch Development . . . . e oW 5 & w wy
3.1 Parallel Data Paths . . . b . . R
3.2 Switch Node EBase " foC SR S s SR
3.3 Partial Switches . S LANh e e vl SR
3.4 Long/Short Messages SRS T . R s o» v o« Sk
3.5 Speed Issues . . o U e e sas . . 25
.6 Deadlocks « « « « o w w s . v . x 21
BT Herop Coantrol « ¢ @ w5 w e . g . . o s S0
3.8 Flow Control T e R ST e S A o 4
3.9 Current Switch Desxgn T T e “ o

A REEETERGCES « o« wid o s o o o . o @ % woE e e e e %




—

11 Report No. 4143 Bolt Beranek and Newman Inc.

1. Introduction

This Quarterly Technical Report, Number 2, describes aspects
of our work performed under Contract No. MDAS03-78-C-0356 during
the period from 1 November 1978 to 31 January 1979. This is the
second 1in a series of Quarterly Technical Reports on the design

of a packet sreech concentrator, the Voice Funnel.

Most of our effort during this quarter has concentrated on
'w the development of a firm framework for supporting the Voice
Funnel software, including both the elaboration of the Eutterfly
Multiprocessor hardware and the design of a suitable operating
system for the machine, which will ease software develorment in a

multiprocessor environment. In the following sections we present

some of the results of this work.
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2. Operating System Development

During the period covered by this report we have spent
considerable effort developing the basic design of the operating
system for the Voice Funnel. The operating system provides a
user environment which attempts to insulate the application from
the raw hardware, while retaining access to the capabilities
rrovided by the hardware and not imposing much overhead. The
operating system attempts to support only the aprlication; it is
not a general purpose facility and does not attempt to support
program development. We will describe some of what we have
learned about the appropriate design for the operating system of

the Voice Funnel on the Butterfly Multiprocesscr.

2.1 Cperating System Cverview

Experience in & variety of situations has convinced us that
we should separate resource management and problem-specific
" concerns in the Voice Funnel software. Having built systems with
if and without such a separation, we are painfully aware that when
ne such separation exists, several significant and costly i {
problems arise. Among the most important cf these are that:

- rroblem-related algerithms become cluttered with details
irrelevant to the probtlem at hand;

- develcopment and maintenance proceeds zuch mcre slowly than
the intrinsic difficulty of 2 task would suggest;

- adartation to changes 1in strategy 1is hindered by the
inflexibility of the general structure; and




I ———————

:
.

Rerort No. 4143 Bolt Eeranek and Newman Inc.

- errors frequently occur which are not directly related to

the problem being solved.

With such strong arguments in favor of this separation, it
may seem surprising that the alternative 1is ever considered.
There are, of course, dangers, both apparent and real, in
creating such a separation. The separation is typically achieved
by ©building an operating system. An operating system is

seductive and, if not controlled, it can grow to consume far too

much of the personnel, memory, and processor bandwidth available
F | to a project. Alsc, Dbecause it 1is a separately identified
[ component, an operating system can appear to represent additicnal
or unnecessary work. O0Of the twc concerns, the 1latter 1is more
arparent than real, since what really occurs is that work which
would otherwise be distributed throughout the software is instead
consclidated and shifted from one area into ancther. The concern
actout the operating system task growing cut of control 1is real,

however, and must be carefully managed.

The agproach we propose to take is to build a limited, but
potent and extensible, operating system which 1is sufficient to
meet the perceived requirements of the Voice Funnel and which is
flexible encugh to adart to changes in those requirements and +to
the emergence of any future requirements which can reasonably be

anticigpated. We have begun this task by reviewing those

carabilities which have become common in operating systenms
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[(BRIN 73] and by examining any special requirements which are
imposed by the Voice Funnel task or the Butterfly Multiprocessor
hardware. We have attempted to select those capabilities needed
in one form or another for the Voice Funnel and to design an
orerating system which provides those capabilities while showing
rromise of being extended to meet additional requirements, should

they arise.

Throughout the design of both the Voice Funnel and the
operating system software, we have paid considerable attention to
the choice of services to be provided by the operating systenm,
for it 1is not the number cr comrlexity of the operating system
features which matters, but rather their simplicity, power, and
cost. Time spent in reducing the overall conception to a small
set of elementary, powerful, and inexpensive facilities will pay
off handsomely in reduced time to develop both the application
and the orerating system, in reduced consumption of processor
cycles, and 1in increased effective utilization of personnel and

hardware.

Three concepts in particular have guided us 1in pursuing
these otjectives. We have tried to be conscious of what the
programmer can d¢ himself as easily as can be done autcmatically.
we have tried to avoid building attractive facilities for which
we cannot see a clear justification in the current application.

Finelly, we have taken advantage of the fact that the Vcice
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Funnel 1is a dedicated application. This will allow us to avoid

-

much of the checking and enforcement which would be required in
| an environment which had to run arbitrary user programs.
Instead, we will be =ble to limit checking to those conditions

which might be expected to arise from routine hardware or

software failures rather than from malicious behavior or outright

negligence.

?
4

The principal facilities of the proposed operating systenm

v

are briefly described in the following paragraphs.

b B

- Processor Management (or Scheduling): Allows a large
number of processes* to share one or wore [FErocessors
without requiring any of them to know about multirle
processors, about which processor they might run on, or
about what to do with time they are not using. Assigns
work to processors, shares available processor time tbtased
cn a mix of priority and fairness considerations, and

] attempts to maintain more or 1less 1level 1load on the

j | various processors. Permits processes to run concurrently

(i.e., overlap in time), and permits them tc operate

asynchronously (by buffering or queuing work or data

rassing between them).

-

T

- Memory IManagement: Ensures that each process has
transparent access to the memory assigned to it, zllows
protection of the private memory (e.g., instructions and
stack) of any process from any other procees, and allows
voluntary sharing of memory by cooperating processes.
Relieves each rrocess of the task of explicitly managing
the memory marping registers, and rrotects each from
incorrect use of the registers by the others.

* we will use process in i*%s customary computer science sense to
refer to the various inderendent (and perhaps coorerating)
software components (or programs) which may be given control of a
rrocessor by a scheduler. We will use task (which scme computer
scientists have wused in place of process) in its everyday sense
i tc mean a piece of work tc be done.

|
w
|
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Inter-process Communication: Facilitates the transfer of
nessages or data from one process to another, either
through shared memory or by copying data from one address
space to the other. Provides simple send and receive
mechanisms which relieve the user of the need to perform
nutual exclusion, memory management, and scheduling
operations directly.

Process Synchronization: Provides for ccordinated use of
shared data, rreventing conflicting access or modification
by multiple processes. Provides for coordination between
processes awaiting or causing common events.

|

- Interrupt Eandling: Provides a common mechanism for
servicing interrupts and for utilizing them to keep work
flowing briskly through the system. 5

A T TR T e

~ Reliability and Availability: Provides mechanisms for
(1) periodically assessing the health of all hardware, all
software and all critical data bases; (2) identifying and

o removing from use any failed compcnents; and
: (3) realigning the remaining components to continue
k operation at reduced capacity (graceful degradation).

Presents a reliable framework within which the aprlication

! can run without 1itself having to attend to all of the 1
details.

A framework such as we have described presents a number of

important advantages. The Voice Funnel software will be

’ organized by function, with capabilities +that are required at :

. many points being concentrated into a small numter of elementary
and powerful functions which can be built and tesfed once and
’ then used rereatedly. Problems intrinsic to the aprlication will
be clearly seprarated from problems of taming the envircnment,
with the result thnat solutions of both types cen be developed and
expressed incdependently. This will yield simpler and nwncre
effective solutions in %bYoth areas. t will make it easier to

exreriment with new algorithms or to incorporate new
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requirements, since the number of problems requiring simultaneous
solutions will be reduced. It will also increase the safety of
critical data, since the data will be handled in fewer places.
While there will certainly be some cases in which this solution
will be less efficient than one in which the application handles
all resource problems in line, careful attention to the potential
dangers of this approach will enable us to minimize them. The
gains realized through more effective globeal control and
optimization, through greater flexibility and ;daptability, and
through greater reliability, will yield benefits much greater

than the occasional inefficiencies incurred.
2.2 EIExploiting Parallelism

llumercus workers have attempted to achieve parallelism at
various levels in the program decomposition hierarchy [ZBAER 73].
This has been attempted at the following levels, zmong others:

- at the rrogram level (which has occurred mcst often),

- at the procedure level (for example, PL/I for the IEM

370),

- at the statement level (for example, the arbegcin/rarend
construction of Dijkstra [DIJK 65], or the_ ALGCL 68
compiler for CMU's C.mmp multiprocessor [KNUE 76]),

- at the sub-expression 1level (primarily in theoretical
work), and

- at the instruction 1level (for example, the CDC 660CC
LTHCR 64]).
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Cf course, at each 1level, there may be sequences of objects

(e.g., a group of statements which must e executed sequentially)

for which ordering must be preserved.

For various reasons we have chosen to focus at the program

level 1in providing parallelism: - within the Voice Funnel. The

application contains encugh parallelism at this 1level to take
effective advantage of our mwmultiprocessor architecture. In
addition, this approach provides good control owver 1locality of

memory references, which greatly influences the level of hardware

efficiency achieved. Finally, by using this apgproach, we can use

an existing compiler (with a new Z8000 code generator), rather

than having to write a new compiler cr undertake major structural

changes to an existing one.

Adopting the second approach (procedure level parallelism)

would require modifying the compiler to use some mechanism other

than a stack for automatic linkage, and

variables, subroutine

temporary storage, since multiple processors cculd nct share a

stack. In addition, whenever multiple processors were applied to
rrocedures within a program, any data inherited from the calling
rrocedure, and perhaps the instructions, would be remote to the

For the

this

B

new processors. Eutterfly Multiprocessor, ight

have he

H
ct

significant adverse effects on execution efficiency i

ratio of remote to local references became toc large. Finally,

the task of writing rograms to utilize +this degree of
B

rarallelism would be mcre difficult.
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The third approach (statement level parallelism) would have
all of +the difficulties associated with the procedure level
approach and would place additional burdens on the programmer and
the compiler. At this level, there are two principal
sub-aprroaches available: having the compiler recognize and
exrleoit oprortunities for parallelism, and having the programmer
do it [DIJK 65]. The former sub-approach obviously requires both
a clever compiler and a clever run-time system [KNUE 76]. Eoth
arrroaches, however, require that storage managemént similar to
that required for parallel procedures be employed wherever the
compiler or the programmer introduces parallelism (i.e., much
more often then would otherwise occur). Prograrming at this
level would be much more difficult than at earlier levels because
the programmer would have to write true multiprocessor prcegrams,

rather than cocperating uniprocessor programs or procedures.

Work on the fourth approach (sub-expression rarallelism) has
been largely theoretical [BAER 73] and is not of interest here.
Cbviously, it requires a sorhisticated comgiler, and it may well
require special processor caparilities. Because the burden of
detecting and exploiting parallelism would be shifted from the

programmer to the compiler and/or the processor, the programming

task would be easier than for the previous agpproach.

The fifth approach is not really a multiprccessor aprroach.

Instead, it has been aprlied to large uniprocessors with multirle
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function units capable of executing several instructions
simultaneously. Like the fourth approach, it is not of real

interest here.

A second major choice, in addition to selecting the level at
which to apply parallelism, concerns control mechanisms to be
employed for switching control between parallel streams. In
particular, it ccncerns whether the system scheduler should be
involved in all decisions to switch control, or whether scme

control switching decisions might be made more efficiently by

closely cooperating streams within an application. The former
approach has usually been taken, and in such cases the ©parallel
streams have normally been called processes. More recently,
certain workers [KNUE 76] have suggested another 1level of

scheduling 1in which each process might be allocated one Or more

processors which it would then switch amongst various internal
activities wusing much simpler mechanisms than a scheduler might

use.

we consider the conceprt of scheduling activities to be a
very intriguing area for further study. However, we will nct use
it for the Vecice Funnel because it seems most aprrorriate when
parallelism occurs at the statement level or the procedure level

and when the frequency of ncon-~local references does not strongly

affect system efficiency.
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A quite different attempt at eliminating the scheduler was
used in the Pluribus Multiprocessor [KATS 78]. In the Pluribus,
programs are written as strips. Strips have two very important
rrorerties: they must complete within a very 1limited time
(determined by device latency requirements), and they may not
preserve any private context when they finish (since they have no
context, context switching is avoided). Wwork to be done by the

strips consists of either I/0C device service c¢r work that has

been queued 1internally. Each device and each gqueue has a

priority. Extremely fast dispatching is provided by a hardware
unit from which a processor which has completed a strip can !
determine the identity c¢f the highest priority device or queue
requiring service. Despite the advantages cf rapid dispatching
and minimal context switching, the Pluritus aprrocach has proven
less flexible and more difficult to program than the other
arrroaches considered. In fact, recent work on the Pluribus has |
involved superimposing a process mechanism upon the strirg }

mechanism.

lluch c¢f the foregoing has been independent of the specific
characteristics of +the Voice Funnel. It would, therefcre, be
aprropriate to consider why the choices made thus far are

sensibtle for that application.

The Voice Funnel will comprise a large number of inderendent

data streams going to or from varicus spreech terminals. Each
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data stream will comprise a large number of items (control
requests and speech packets). Each item will pass through a
number of processing stages (speech terminal input, one or more
multiplexing stages, output to the PSAT, and the reverse), both
as an individual item and as a member of an aggregate. While
ené-to-end sequencing within data streams must be observed,

sequencing between data streams need not be. i

The work to be done by the Voice Funnel thus breaks down

naturally into a number of tasks corresponding to the processing

E of a single item or aggregate of items at a rparticular stage.

| Excert that any item must move through its stages in sequence,
# and excert that items from the same data stream must bte delivered
in sequence at their destination, it will generally be rossible
to perform tasks in parallel. Moreover, because rprocessing
stages will typically be very small, further decomposition of
tasks will not wusually bte attractive because even negligible

1 overhead would become large as task size became very small.

Given this breakdcwn of the work, it is natural to view the
arplication software as comprising a number cof programs each of

which will te able to perform cne of the tasks which make up the

arplication. Eecause we have 1initially chosen to allow

rarallelism only at the program level, and because we do not

oy

intend to allcw processes to perform sub-scheduling (i.e., we

-

will not utilize activities), each program servicing a task will

be a process.

s P TR LE kT ™ e

il
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In order to achieve parallelism between data streams, it
will be necessary to rrocess several tasks of the same type
simultaneously on a number of processors. This will require
several instances of each process for which parallelism is
desired, since only one processor at a time can run a single
instance of a process.* While all such instances might share a
ccpy of the <code, processor utilization will bte mwmuch more
efficient if code is always local to the processor on which it
runs. Therefore, each rprocessor which will run a process will
have a copy of the code. ©Since each instance of a process must
have its own stack and private data, these will also be
rerlicated, and for efficiency reasons will also be local tc the
processor on which they will run. By making multiple copies of
all processes, whether or not their instances will actually run
in parallel, we will provide the scheduler with more choices as
to where to run each process, and we will grovide redundancy as

prctection against the loss of any single processor.

Most Voice Funnel processes will be created when the
apprlication starts and will cycle indefinitely, processing tasks

successively as they arrive for service. In addition, it will be

* where 1t is necessary to distinguish between them, we Wwill
refer to the individual instances of a rrocess as instances or as
specific processes, and we will refer to the process in general
as the generic process. Similarly, we will refer to individual
occurrences of a task as occurrences or as specific tasks and to
the task in general as a generic task. FRecall that rrocesses are
instruction streams and that tasks are units of work.

- 13 -
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rossible to create or remove processes at any time it is
desirable to do so. We have chosen to create processes in
anticiration of need, rather than creating processes on demand
(as would te done for a time-sharing system), btecause we know in
advance which tasks will occur and that they will recur at
frequent intervals. We also do this because the Voice Funnel
cannot afford either the delay from loading code or the delay
from allocating a stack and private data and wupdating the
scheduling tables each time a task arrives for sérvice. Eecause
the most commonly occurring tasks will be very brief and will be
rerformed without any intermediate waits, there will be no
advantage to interleaving the executicn of two instances of one

process on the same processor. t

Eecause the Voice Funnel will be a dedicated arrlication, we
have endeavored to avoid requiring that the operating system
contain facilities which wculd add urnecessary overhead or delay

tc Voice Funnel creration. OCn the other hand, we have attempted

tc define cperating system facilities which can be rrovided in e

manner which will permit their use in other situaticns. Thus,
while we anticipate that Voice Funnel rrocesses will not have to
share the systen, alternative arplications (such as a
time-sharing system or ancther dedicated arplication) could wuse
the same facilities (perhaps with elabecration) to acccmplish

different ends. Thus, if it suited a particular eagrplicaticn,
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processes might terminate voluntarily rather than cycling,

multiple copies might not be 1loaded, and rprocesses might be

loaded only when needed.
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3. Switch Development

While the ©basic design of the Butterfly Switch has been
previously developed and described [EEN 78], many of the
parameters of the Butterfly Switch have been closely examined in
the past guarter. These variations on the basic Eutterfly Switch
should have a major impact on the performance of the Eutterfly

Multiprocessor.

This section presents some o¢f the more interesting
variations of the Butterfly Switch which we have explored. After
this presentation, we will summarize the switch as we would
implement it now, &lthough further develcorment may cause the
actual implementation to differ from this definition. The design
of a Butterfly Switch is complex enough that many of the torics
interact. We therefore arolcgize in advance for discussing some

topics before they have been rroperly introduced.
3.1 Parallel Data Paths

Clearly, the bandwidth of the Eutterfly Switch is going to
be an important rparameter o¢f a Butterfly Multiprocessor. The
simplest way to improve this bandwidth is through rarallelisa in
the data rpaths of the switch. This alsc has the advantage of
amortizing the overhead of the control portion ¢f the switch =-
the control lcgic in an MEI implementation, and the control fpins

in an L8I imrlementation. At times, we will wuse the terz
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thickness as a synonym for data parallelism when referring to the

dimensions of a Eutterfly Switch.

It 1is not necessary to go to extremes, when introducing
parallelism, by designing switches which permit the transaction
to be only one tick long; a small amount of parallelism (such as
2 or 8 bits parallel) produces a switch in which one path has a
bandwidth of many tens of megabits. Large amounts of parallelism
become unattractive when the marginal systew advantage of an
extra data path becomes less than the marginal increase in the

cost of the switch.

N

.2 Switch llode Ease

Previous descrirtions of the Butterfly Switch have assumed
that the switch nodes have two inputs and two outputs. This
] choice is somewhat arbitrary; in fact, a switch node with any
number c¢f inputs and outputs (greater than 1) cculd be used.
Indeed, we feel that a switch node with 4 inputs and 4 cutputs is
P zuch Dbetter because it reduces the numbter of switch nodes by a
factor ¢f 4 and the number of interccnnections by a factor of 2.
Indeed, a switch of base 8 would reduce the number c¢f ncdes

further. However, as we will see, 1large bases 1lead to less

modular switch sizes and larger switch node implementaticns. A

choice c¢f 4 fcr the tase seems a good compromise.
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Figure 3.2-1 A Eutterfly Switch of Ease 4

We will call a switch node which has E inputs and E outputs

a switch node of "BRase-E" because +the number of nodes in a

Eutterfly Switch with N ports is:




Report No. 4143 Bolt Eeranek and Newman Inc.

(N/B)*Log[Base B](N)

Unfortunately for bases other than two, the easily
recognizable structure of the Fast Fourier Transform is lost.
For example, Figure 3.2-1 shows the interconnection pattern for a
16 X 16 Butterfly Switch constructed from base-4 switch nodes.
For comparison, Figure 3.2-2 shows a 16 X 16 Butterfly Switch

using base-2 Switch liodes.

From these two figures, it is obvious that the switch with
the higher base has fewer nodes and fewer wires. We can quantify
the impact of the selection of a base on the size and structure
of the switch in hores that this will lead us to an ortimum base
for the Eutterfly Switches we will construct. These calculations
assume that the number of ports is an integral rower of the base
of the switch. Other numbers of inputs and outputs will be
discussed later. The calculations count the numbter of input rort
wires but not the number of output port wires. The difference is

N wires.

“ 10 =
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gure 3.2-2 A Butterfly Switch of Ease 2
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Assume:

= Number of switch nodes

Number of ports into the switch
= Ease of the switch

Number of columns

Kumber of interconnecticns

]

=Qt=
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Then,

LOG[Base BJ(N)
(N/B) * LCG[Base B](N)
B *3S

E R ONe!
nnn

If we wish to compare switches of two bases, we can derive
the ratios of the number of switch nodes and the number of wires

in two switches as follows, assuming an equal number of input

ports:

(B2 * LOG(B2))/(B1 * LOG(B1))
(LOG(B2) /LOG(E1))

81 /82
W1/wWe

The following table compares base-2 switches with higher
base switches. In each <case, the table entry gives the
improvement provided by the higher base. For example, & base-2

switch has 12 times as many switch nodes as a base-& switch.

E S1/82 wWi/w2
1

o —

Thus a switch with a larger base has fewer switch nodes and
fewer interconnections. Switches with large bases have a further
advantage over those with small bases in that a single switch
node can be built as a E X B crosspoint switch. This reduces the
number of conflicts in the network, thereby increasing the

rerformance of the switch.

e ¥ TN T g - T ORFRN e SR S
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While the reduction in the number of collisions is an
important advantage of 1larger bases to the performance of the
network, we should also note that a higher base implies fe =r
columns. This will decrease the actual delay across the switch

to a small extent.

While these arguments suggest that the largest possible base
should be selected, there are rproblems with 1large bases. In
particular, the EButterfly Switch dces not grow as smoothly as we
had earlier expected. Although it is rractical to make a large
range of switch sizes from the same switch node, there are rather
sharr growth rpoints where the size of the switch must be
increased significantly to add one more port. We will discuss

3 these issues more in the next section.

In 1light of these considerations, we expect to build our
1 switch using base-4 nodes since it achieves a good compromise
between the complexity of the switch node and the improved

rerformance of the switch.
3.3 Partial Switches

As we have noticed before, Eutterfly Switches have certain
rreferred numbers of ports which result in complete switches. Ey
comrlete, we mean that in the switch, there are nc nodes which
have unused inputs or cutputs. These numbers are a function of

the base. The number of rorts in a complete switch is B**ji where

S it i e o
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E 1is +the base and i is an integer. The progression for various

bases is as follows:

Base

2 1
4 1
S 1

Number of Ports (N)
2 AENEgEe B pA 28 25p 519 4024
4 16 €4 256 1024

(0¢]

64 512

Figure 3.3-1 A Partial Switch
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If N is not an integral power of the base, then the
structure of the switch is that of a switch which is "the next
size larger": that is, one with BE**i ports where i is the next
larger integer. This 1leaves a switch which has many unused
ports, and potentially even unused switch nodes. We can remove

the unused switch nodes from the switch network.

Figure 3.3-1 is an examrle of a 1C X 10 switch which has had
the wunneeded switch nocdes remcved. The pattern of unneeded

switch nodes is much more complex in larger switches.
3.4 Long/Short Messages

The pipelined structure of a Butterfly Switch implies a
relatively large initial delay in setting up a transfer, followed
by a very high transfer rate. This means that the Eutterfly
Switch favérs messages which are long cver those which are short.
The structure of a tightly coupled wmultiprocessor, however,
requires the ability to read and write single words across the
switch. As a result, we have decided that the bardware will
suppert Dboth single word transfers and multiple word transfers.

This decision is a matter of application of the switch, since the

switch need not discriminate between these two message types.
The presence of long messages in the switch may adversely

affect latency of the short messages. Indeed, a transfer of,

say, 64 kilcwords, would take about 26 milliseconds, during which

- 2d -
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one path through the switch would be constantly occupied. We
would expect +this to block many short messages and stor many

other rrocessors.

The simplest solution to this is to divide 1long transfers
into shorter rieces, of say 16 words. This has four further

advantages:

1. The switch interface implementation is simplified
because the messages can be assemtled in hardware
buffers. This also decourles the switch rate and the
processor node rate.

2. With an appropriate switch interface design, the 1local
Frocessor can access remote memory locaticns during the
transfer of a long data block.

r messages improve throughrput when switch

ission errors occur.

4. Should the processor need the full bandwidth of the
memory for fast interrupt servicing, the sectioning cof
long data blocks into short data blccks may allow the

processor to temporarily stop a data transfer tetween
the small blocks during the interrurt service routine.

3.5 <Cpeed Issues

For the Voice Funnel application an important syreed issue is
the Dbandwidth of a Butterfly Switch. This bandwidth 1is a
function of five factors:
1. S&witch thickness - The bandwidth is linearly related ¢to
how many bits move across the switch during one clock
period.

2. Switch clock frequency - The bandwidth is 1linearly
related to the switch clock frequency.
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3. Control overhead - As each message consists of data bits
and control bits, the bandwidth is related to the ratio
of data bits to message bits (i.e., data bits plus
control bits).

4. DMemory bandwidth - At some operating point of the above
four factors, the data cannot be written into or read
from the local memory fast enough to keep the switch
rath busy and still permit the local processor an
occasional access to its memory.

The switch clock freguency is limited by the time it takes
tc establish a connection between a switch node input and output
port or by the time it takes to propagate the data to the next
switch node. In very large switch configurations, the
proragation time may be larger than the connection time. We have
estimated the maximum clock rate using standard TTL Schottky NSI
ccmponents. The worst case connection time is 77 nsec and the
worst case propagation time is 40 nsec. Eecause of the 4 MHz

maximum clock frequency of the microprocessor, a 12 liEz switch

clock frequency seems to be a good choice.

Eecause not every switch clock rericd +transfers data, the
potential bandwidth of 48 MEz is further reduced. For the
unidirectional switch, the table below shows the reduction in
bandwidth due to the inclusion of ccntrol bits in each message
for several data block sizes: (Ease-4, 12& processors, thickness
of 4).

Data Message ffective
Eits Size BEandwidth (MHz)

§
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16 96 8
32 112 13.7
64 144 21.3
256 336 36.6

As can be seen, data sent or retrieved from remote memory in
multiple word blocks makes much better wutilization of the

Eutterfly Switch.
5.6 Deadlocks

Consider a switch interface having a single ‘input message
buffer and a single output message buffer. The deadlock shown in
Figure 3.6-1 can be imagined as resulting from the fcllowing
scenario: 1) both Node A and Node E send memory "regquest"
messages to each other simultanecusly; 2) after these requests
have been processed, but before the rerlies have been sent,
requests from twc other nodes (X and Y) arrive at the inputs. At
this point, +the "replies" in Node A and lilode E cannct be sent
because the receive buffers are occupied by the foreign requests.
Yet, no further processing of requests can te done , tc free the

receive buffers until the replies have been sent -- the system is

locked up.

Eowever, if we can assure that a rerly message can always be
sent and accepted, the system is free of deadlocks. This guiding

principle will helpr us understend the requirements cn the design

cf the switch and the switch interface which s&are necessary to
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RECEIVE | REQUEST X el I I 'REQUEST Y
i
| :
| |
SEND REPLY B : : REPLY A
\ '
: |
)
NODE A : ' NODE 8
---/' \~--_

Figure 3.6-1 A Deadlock

assure deadlock-free orperation. To validate these ideas, the

simulations which we will be describing later have Iiaplemented

these mechanisms and have not exhibited deadlocks.
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If we are to assure that replies are always accepted, we
must provide a mechanism which accepts them even if the receiver
buffer 1is occupied. To assure this, we provide two buffers: one
for requests and one for replies. This is not enough; we must
alsc have a way to peek at each message and turn requests away
when the request buffer is occuried so that replies can always be
accepted at the entry port to the processor node. This function
can be rerformed by first accepting the header of the message and
then asserting the REJECT signal if it is é request and the

request buffer is busy.

Note that it is this requirement which 1leads +to deadlocks
when the Wait strategy 1is applied to the one way switch. The
Wait strategy has no mechanism for turning away requests and

letting replies through.

If we are to assure the path of a reply, we must also assure
that it can be transmitted in the first place. The
straightforward way to do this is to provide two transmit buffers
and allocate one for replies only. Then, when a reguest is
rejected, before retransmitting the request, the transmitter
should check the reply buffer and if a rerly is present, send it

instead c¢f the request.

Finally, we are counting on randomness in the switch to

assure that replies do not repeatedly encounter the same or other

———— ———
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request messages in the switch, thus also leading to deadlocks.

This is a level of detail which we have not yet explored.
3.7 Error Control

We have wused the analogy of the Butterfly Switch as a
communications network before. As we know, one of the important
characteristics of a communications network is its handling of
errors. We expect two things of such a network: 1) extremely low
probability of undetected errors, and 2) automatic recovery from

errors.

Although the Butterfly Switch is within a comruter systen,
we should still expect errors to occur -- 1if not because of
noise, then because of either intermittent or solid component
failures. We have discussed the intrcduction of extra columns in
the switch to provide extra paths which will grpermit ogreration
once failed components have been identified. In order to detect
errors when they occur, we expect to provide check titi on each

transaction.

Errors in the data of a message will bte detected by these
check bits, but errors in addressing will not be. A simprle way
to detect addressing errors is to include the destination address
in the checksum when the message 1is sent and to have the
destination processor node 1include its own address when it

verifies <the checksum. Thus, if the message reaches the ccrrect
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destination without error, the checksum will be correct.
Otherwise, an error will be detected. This method has the
advantage of avoiding the transmission of the destination address

in the text of the message.
3.8 Flow Control

Another characteristic which we have come to expect of
comrnunications networks is a facility for flow control. This is
necessary whenever we cannot guarantee that thé receiver has
sufficient resources to accert what the transmitter may wish to
send. Cur initial design for the switch interface implies a very
structured buffering arrangement with few message format
variations. As a result, cur initial design would not need flow

centrol in the switch.
3.9 Current Switch Design

In summary, we felt that the best switch design for the
range of machines currently anticipated is as follows:
1. Conflict Resoluticn - We will wuse the "retreat"
strategy.

2. Parallel Data Paths - Data parallelism of 4 tits (called
a "nibtle").

3. Switch Ease - Ease-=4.

4. Extra Columns - None for a 16 input switch, perhars cne
for a 64 or 256 input switch.
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5. Long/Short Messages - Both long messages (multiple word
transfers) and short messages (single word transfers)
will be supported. To keep the 1latency of short
messages low, long messages will be broken into blocks
of 16 words or less.

6. Speed - We expect the switch to clock at between 1C and
12 MHEz for an effective bandwidth of 40 to 48 MHz per

4 path. In a switch with 256 ports, this implies a

maximum aggregate data rate of 10 to 12 gigahertz.

L]

! 7. Deadlocks - We will avoid deadlocks by wusing the
3 "retreat" strategy 1in the switch, and bty designing the
2] switch interface so that it can always accept a reply.

8. Error Control - The switch itself will not perform any
error control, but the switch interfaces will use check
bits to detect errors in data or routing.

\O

Flow Control - None in the switch. The sender and
receiver will be designed so that the transacticons do
not need flow control.
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