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1 . Introduction

This Quarterly Technical Report , Number 2, describes aspects

of our work performed under Contract No. MDA9O3—78—C-.0356 during

the period from 1 November 1 978 to 31 January 1 979. This is the

second in a series of Quarterly Technical Reports on the design

of a packet speech concentrator , the Voice Funnel.

r~icst of our effort during this quarter has concentrated on

the development of a firm framework for supporting the Voice

Funnel software , includ ing both the elaborat ion of the Butterfly

Multiprocessor hardware and the design of a suitable operating

system for the machine , which will ease software development in a

multiprocessor environme nt . ifl the followir~ sections we present

• come of the results of this work.

I
~~
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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

provided by the hardware and not imposing much overhead . The

operating system attempts to support only the application; 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 cri the Butterfly r~ultiprocessor.

2.1 Operatin g 53stem Overview

Experience in a variety of situations has convinced us that

we should separate resource management and problem—specific

concerns in the Voice Funnel software . Hav ing built systerns with

and without such a separation , we are painfully aware that ‘~h er.

nc such separation exists , several significant and costly

problems arise. Amcng the most i m p o r t a n t  of these are that:

— problem—related al~ critnms become cluttered with details
Irrelevant to the problem at hand ;

— ievelop~ er•t and ~air .tenance ;rcceeds much mcre s.cwly than
the intri ns ic aifficulty of u task wculo suggest;

— adaptation to changes in str~ te~ y is hindered 
~
y the

inflexibility of tne general structure; and

( .  
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— errors frequently occur which are not directly related to
the problem being solved .

W i t h  such s t rong  argument s in favor  of t h i s  separa t ion , it

may seem su rp r i s i ng  that  the a l t e r n a t i v e  is ever considered .

There are , of course , dangers , both apparent and real , in

c rea t ing  such a s epa ra t i on .  The s epa ra t ion  is typical ly achieved

by b u i l d i n g  an o p e r a t i ng  sys tem.  An o p e r a t i ng  system is

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

much of the personnel , memory , and processor bandwidth available

to a project. Also , because it is a separately identified

component , an operating system can appear to represent additional

or unnecessary wcrk. Cf the twc concerns , the latter is more

apparent than real , since what really occurs is that wo rk which

wculd otherwise be distributed throughout t h e  software is instead

consolidated and shifted from one area into another. The concern

about the operating system task growing out of con trol is real ,

however , and must be carefully managed.

The approach we propcse to take is tc build a limited , but

potent and extensible , operating system which is sufficient to

~e~ t the perceived requirement s of the Voice Funnel and which is

flexib le encu~h to acapt to changes in those requirements and to

tne emergence of any future requirements which can reasonab ly be

ant icipated. ~e have begun this task by reviewing those

• I ca;.atllities which have become ccmm cr in cperating systems

1~
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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

operating system which provides those capabilities while show ing

promise 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 system ,

fo r  it is not the number  or complex i ty  of the  o p e r a t i n g  system

features which matters , but rather their simplicity , power , and

cos t. Time spent in reducing the overal l conception to a small

set of element ar y ,  power fu l , and inexpensive facilities will pay

off  han d somely in reduced t ime to develop both the appl ica ti on

and the ope ra t ing  system , i t t  reduced c o n s u m p t i o n  of p rocessor

cycles , and in increased e f f e c t i v e  u t i l i z a t i o n  of pers onnel  and

hardware.

Three  concepts  in p a r t i c u l a r  have guided us in pursu ing

these objectives. ~e have tr ied to ‘c c consc ious of what  the

programme r car. do h imse l f  as eas i ly as can be d one au toma t ical ly .

~e have tr ied t o  avoid building attractive fscilities for which

we canno t see a clear justification in th e  c u r r e n t  ap p l i c a t i o n .

F inally , we have taken advantage of the fact that the Vcice Ii
IT

- ~~~~~~ ~ ..- ~
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I
Funnel is a dedicated application. This will allow us to avoid

L much of the checking and enforcement which would be required in

an environment which had to run arbitrary user programs.

Instead , we will be ~ole to limit check ing to those condit ions

wh ich migh t be expected to arise from routine hardware or

• software failures rather than from malicious behav ior or outright

- negligence.

The pr incipal facilities of the proposed operating sys cem

are briefly descr ibed in the follow ing paragraphs.

— Processor Management (or Scheduling ): Allows a large
number of processes* to share one or more p rocessors

• w ithout requiring any of them to kncw about multiple
p rocessors , about which processcr they might run on , or
about what to do w ith time they are not using . Assigns
work to processors , shares available processor time based
on a m ix of p r i o r i t y and fairness considerations , and
attempts to maintain more or less level load on the
var ious processors. Permits processes to run concurrently
(i.e., overlap in time), and permits them tc operate
asynchronously (by buffe ring or queuing wcrk or data
passing between them) .

— Memory ~4anagement: Ensures that each process has
• transparent access to the memory assigned to it , allows

protect ion of the private memory (e.g., instructions and
• stack) of any process from any other process , arid allcws

voluntary shar ing of memory by cooperating processes.
Relieves each process of the task of explicitly managing
the memory mapping registers , and p ro tects each f r o m
incorrect use of the registers by the others.

* ~~ w ill use process in its customary ccmputer science sense to
refer to the var ious independent (and perhaps cooperating )

• software components (or progr~~ s) wh ich may be given control of a
• processor by a scheduler. We will use task (which some computer

sc ientists have used in place of process) in its everyday sense
to mean a piece of work to be done .

—
~~~~~~~~~

—
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— Inter—process Communication: Facilitates the transfe r of
messages or data f rom erie process to anothe r , eithe r
through shared memory or by copying data from one address
space to the other. Provides simple send arid receive
mechanisms which relieve the user of the need to perfo rm
mutual exclus ion , memory management , and sche dul ing
operations directly.

— Process Synchronization: Provides for coordinated use of
shared data , prevent ing conflicting access or modification
by mult iple processes . Provides for coordination between
processes awaiting or causing common events.

— Interrupt Handling: Provides a common mechanism for
serv icing interrupt s and for utilizing them to keep work
flow ing b riskly through the system.

— Reliability and Availability : Provides mechanisms for
( 1 )  perioà ically assess ing the healt h of all hardware , all
software and all critical data bases; (2) identify ing arid
remov ing from use any fa iled components; and
(3 )  real igning the remair.ir,~ com ponents to con tinue
operation at reduced capacity (&raceful degradation) .
Presents a rel iable framework within which the application
can run without itself having to attend to all of the
details.

A f ramew ork suc h as we hav e descr ibed p resents a number of

important advantages. The Voice Funnel software will be

organ i ze d by func tion , with capabilities that are required at

many po ints be ing concentr ate d into a small number of elemer.ta ry

and po werful func tions wh ich can be built and teste d once and

then used repeatedly. Problems intrinsic to the application will

be clear ly se para ted from pro b lems of tam ing the er.vircnment ,

with the resu t that solutions of both types car. be developed and

expressed independently. This will yield simpler and more

effective scluticns in bctr’~ areas. It will make it easier to

experim ent with ne~ al~ or itmms or to incorporate new

—,--.--.- - -- __________ -- ‘ , -  .- . . --—--- -— --. — -~~ —__s__ - — - -S - - -
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requireme nts , since the number of problems requ i r ing s imultaneous

solutions will be reduced . It will also increase the safety of

critical data , since the data will be handled in fewer places.

Wh ile there w ill c ert ainly be some cas es in wh ic h thi s solut ion

w ill be less eff ic ient than one in wh ich the applica ti on hand les

all resource problems in line , ca re fu l  attent ion to the  pot ential

dangers of this approach will enable us to minimize them . The

gains realized through more effective global control and

optimization , through greater flexibility and adaptability, and

through greater rel iability, w i l l  y iel d benef i ts muc h great er

than the occasional inefficiencies incurred .

2 . 2  Exploiting Farallelism

:.umercus ~orkers have attempted to achieve parallelism at

various levels in the program decomposition hierarch y !. EAEE 73j.

This has been attempted at the foi~ cwing levels , amcr~g others:

— at the program level (which has occurred mcst often),

4 
— at the procedure level (for example , FL/i for the E’

3 7 0) ,

— at the statement level (for example , the parbeg in/parend
construct ion of ~ijkstra [DIJK 6~~], or the AL~~~L 66
com pi ler  f o r  CYU ’ s C.mmp multiprocessor [Ki:uE 76j),

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

— ~t the instruction level (for example , the llC ~~~~
~T ECR 64f l .

L -_ _ _ _  - - ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ _ _ _ _ _ _ _ _  ~~~~~~~~ -.
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Cf course , at each level , there may be seq uences of objects

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

for wh ich or der ing must be preserve d .

For various reasons we have chosen to focus at the program

level in providing parallelism within the Voice Funnel. The

applica ti on con tains enough paralleli sm at this level to take

effect ive advantage cf our multiprocessor architecture. In

additior ,, th is approach  p ro vid es goo d con trol  ove r local ity of

mem o r y  ref erenc es , wh ich g rea t ly  inf lu ences the  level  of har d ware

efficiency achieved. finally , by using this approach , w e can u se

an existing compiler (with a new 600C code generator), rather

tnar. having to write a new compiler or undertake major structural

changes to an existin g one .

Adopting the second approach (procedure level parallelism)

would require modify ing the compiler to use some mechanism other

than a stack for automatic variables , subroutine linkage , and

tentorary storage , since multiple processors could not share a

stack. Th addition , whenever multiple processors were applied to

procedures within a program , any data inherited from the callir :g

procedure , and perhaps the instruct ions , wou ld be remcte to  tr.e

new processors . For toe utterfly hulti;rccesscr , th:s mi ght

h a v e  si gr .ificant adverse effects or: execution effic iency if the

ratio of rem ote to local references becam e too arge. Finall~;,

toe tas~ of writin g prc graoc to utill:e tois degree c~
par all el i sm ~oul d ‘cc mo re d~~ff:cu t.

___________ 
V

~~~~~~ ~~~~~~~~~ 
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The third approach (statement level parallelism) would have

all of the d iff iculties assoc iated w i th the proce dure lev el

app roac h and woul d place additi onal bur dens on the programme r and

the comp iler. At this level , there  ar e two p r inc ipal

sub—approaches available: hav ing the compiler recognize and

exploit opportunities for parallelism , an d hav ing th e prog ramm er

do it [DIJK 65]. The former sub—approach obviously requires both

a clever compiler and a clever run—t ime system ~K~ UE 76]. Both

approaches , however , require that storage management similar to

that required for parallel procedures be employed wherever the
L

comp iler or the programmer introduces parallelism (i.e., muc h

more often then would otherwise occur). Fro~ ra~ min g at this

level would ‘cc much more difficult than at earlier evels because

the prc~ rammer would have to write true mu ti;rccesscr programs ,

rather than cocperating uniprocessor program s or procedures.

Work or. the fourth approach (sub—expression parallelism) has

been largely theoretical L IA L F  73]  and is not of interest here.

Ltviously, it requires a soph isticated ccrzpiler , and i t  may well

require special processor capabilities. Eecause the burden of

detecting and exp loiting parallelism would be shifted from the

prc~ rarnrser to tne compiler and/cr the processor , the programming

task wculd be easier than for the previous approach.

~~~ fifth arproach not really a mul tiprcce ssor approach.

instead , it nas been ap;li~ d to large unipr ocesocro ~ ith mu tiple

_ 0 _
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f u n c t i o n  u n i t s  capable of execu t ing  several  i n s t r u c t i o n s

simultaneously . Like the fourth approach , it is not of real

in teres t  he re .

A second major choice , in addition to selecting the level at

which to apply parallelism , concerns control mechanisms to be

employed fo r  s w i t c h i n g  cont ro l  between parallel  streams . In

par ticular , it concerns whether the system sche duler should be

involved in all decisions to switch control , or whether some

control switching decisions might be made mere efficiently by

closely c o o p e r a t i n g  s t reams w i t h i n  an a p p l i c a t i o n .  The fo rme r

approac h has usually been taken , and in such cases the parallel

streacis have normally beer. called ~rccessc .~~ .~o re recently ,

certa in wo rkers [K~ UE 76] hav e suggested another level of

schedul ing in which each process might be al ccated one cr more

processors which it would then switch amongst various internal

activities using much simpler mechanisms than a scheduler might

use.

~e consider the concept of scheduling activities to be a

very intriguing area f:r further study. ~cwever , we will no t use

it for the Voice Funnel because it seems most appropriat e ~her.

;aralldllsm occurs at tr.e s t a t e m e n t  level  cr  the  :rccedure level

ar.d wo en the frequer.cy of ncr—local references does not strOng ly

affect system efficiency .

— —

I
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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

pro per ties: they must complete w ithin a very limited t ime

(determined by device latency requirements), and they may not

preserve any private context when they finish (since they have no

context , context sw i tch ing is avoided). work to be done by the

str ip s cons ists of e ither I/C dev ic e serv ic e or work that has

been queue d int e rna l ly. Each device and each queue has a

priority. Extremely fast dispatching is provided by a hardware

unit from ~hich a processor wh ich has ccmpl ete d a strip can

determi ne the identity cf the highest pri o rity device cr queue

requiri ng service. espit e the advantag~ c of r~~~id cispatch ing

and minimal context switch ing , the Plurilus aptrcach ha~ proven

less flexible and more difficult to ;rcgrac. than the other

apprcaches ccnsidered. In fact , recent ~crk on the Fluribus has

invclved superimposing a prccess m~ eLunis r~ upon the strip

mechanism.

~uch c~ toe foregcing has been indeper .dent toe spec ~~ic

characteristics of the Voice Funnel. t wcu d , therefo re , be

a::rorr~ ate to ccnsider why the choices made thus far are

sensibl e for toat appl icaticr i.

The Voice Funnel will ccmprise a large number of indepe ndent

data streams going to or from various speech termina ls. ~ach

— 1 1  —
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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

multiplex ing stages , out put to the PSAT , and the reverse), both

as an individual item and as a member of an aggregate . while

end—to—end sequencing within data streams must be observed ,

sequenc ing between data streams need not be.

- :  The work to be done by the Vo ice Funnel thus breaks d own

naturally into a number of tasks correspond ing to the processing

of a single item or aggregate of items at a particular stage .

• 
~xcep t that any item must move throug h its stages in seque nce ,

and except that items from the same data stream riust be delivered

in sequence at their destinaticn , it will generally be possible

to perfo rm tasks in parallel. horeover , because process ing

stage s w i l l  t y p i c a l l y  be ve ry  small , f u r t h e r d e c o m p o s i t i o n  of

tasks will not usual ly b e att rac t ive becaus e even negligib le

cverhead would become large as task size became very small.

~iven th is tr eakd cwn of t h e work , it is natural tc view the

appl ication software as comprising a number of programs each of

which will be able to perfo rm one of the tasks which make up the

app lication. Because we hav e initiall y chcser : to allow

parallelism only at the prcgram level , and because we dc net

intend tc allow processes to perfcrm sub—s cheduling (i.e., ~e

will r.ct utilize a c t i v i t i e s ) ,  each p r o g r a m  s e r v i c i ng  a t ask will

be a rrccess . 

— —

- -r
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In order to achieve parallelism between data streams , it

w ill be necessary to process several tasks of tie same type

s imul taneous ly  en a n u m b e r  of p rocessors .  T h i s  w i l l  r e q u i r e

several instances of each process for which parallelism is

d e s i r e d , s ince  only one processor  at a t i m e  can run  a s ing l e

instance of a p rocess . * ~h ile all such instances might share a

copy of the code , processor utili za ti on will b e muc h mcr e

e f f i c i e n t  if code is a lways  local to the  p r o c e s s o r  cn w h i c h  i t

r u n s .  T h e r e f o r e , eac h processor  w h i c h  w i l l  run a p rocess  w i l l

have a cop.y of the code. Since eaco instance of a process  must

hav e i t s  own s t ack  and p r i v a t e  da t a , these  w i l l  also be

replicated , and for efficiency reascr .s w ill a~~ o be llcal to the

processor  cn w o i c h  they w i l l  run . by mak i ng mu iti p - e ccp i~ s of

all processes , w o e t o e r  or not their instances wi ll actually run

in parallel , we will provide the scheduler with more choic es as

to  w h e r e  tc run each process , and we will provide redundancy as

prctect :on against the loss of any single processor.

.cst Voice Funnel processes will be created when the

appl icatio n starts and will cycle indefinitely, proce ssing tasks

su c ce s s i v e ly  as they  a r r i v e  f o r  s e r vi c e .  :~ ad dit io r., it wi ll be

~~~ here it is necessary to distir .~ uisr . between them , we w ill
• r ef e r  to the  i n d i v i d u a l  i n s t a n c e s  of a p r c c ess  as ins tances  or as

sjecific processes , and we will refer to the process in general
as the g e n e r i c  ;r ocess .  d’im i l a r l y , w e  w i l l  r e f e r  to individual

• o c c u r r e n c e s  of a task as occur r e r . ces  o r  as st e c i f i c  tasks and to
toe task in general as a ~~~n er i c  task. F~eca~~ t h a t  p rocesses  a re
irstru ctior. streams and that tasks are un:ts of work .

— 1 3 —
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poss ible to create or remove processes at any time it is

desirable to do so. We have chosen to create processes in

anticipation of need , rather than creating processes on demand

(as  would be done fo r  a t i m e — s h a r i n g  system: , b ecause we know in

advance  w h i c h  tasks w i l l  cccur  and tha t they w i l l  r ecur  at

frequent intervals. ~e also do this because the Voice Funnel

canno t a f f o r d  e i t h e r  t h e  delay f r o m  l o a d in g  code or  the  delay

f r o m  a l l o c a t i n g  a s tack and p r i v a t e  da ta  and u p d a t in g  the

scheduling tables each time a task arrives for service . because

t h e  most c om m o n l y  o c c u r r i n g  t a sks  w i l l  be very  b r i e f  and w i l l  be

performed wi t~ out any intermediate waits , there will be no

au v a c t a g e  t c  i nt er l e av i ng the e x e c u t i o n  of twc instances of one

process on toe same processor.

because the ~1oice Funne w~~l1 be a ced icate: ap plic atio n , we

nave endeavor ed to avc :h recu iring that toe op erati ng system

contain facilities which woul d add ur.necessary overhead cr de lay

tc Vo ice Funnel operat ion . On toe other hano , we have attempted

to define cperating system facilitie s wai co can be provided ir, a

m a n n e r  wh ~ cr.  w:~~ p e r m i t  t o e :r  use  ~n ctne r s~ tuat:cns . Thus ,

w h i l e  we a n t i c i p a t e  t h a t  Vo ice  Fur.r~e processes will nOt nave to

sh a r e  t oe  s y s t e m , a l t e r na t iv e  ap p l lc a :or.s 1 s u c n  as a

t:me—~ narir.g system or anctoer oeo~ cateo a;plicat :cn) cca~~ use

the same facilities (perhap s wit:. e abo rut:co ) to ac cLmjlish

difierent ends. Thus, if it suited a particular a;;.icaticn ,

- : -
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processes mi ght  term inate voluntar ily rather than cyc ling,
mul t i p l e  copies migh t  not be loaded , and processes  m ig h t  be

loaded only when needed.
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• 3 . S w i t c h  1~evelopment

~hile the bas ic des ign of the Butterfly Sw itch has been

previously developed and described [EEl; 78], many of the

parameters of the Butterfly Switch have been closely examined in

the past quarter. These variations on the basic Butterfly Switch

should  have a m a j o r  imp act  on the  per fo rmance of the  B u t t e r f l y

i .ultiprocessor.

This section presents some cf the more interesting

v a r i a t i o n s  of the  B u t t e r f l y  S w i t c h  w h i c h  we have  e x p l o r e d . ~ f t e r

this presentation , we will summarize the switch as we would

implement it now , although further develc ;ment may cause the

actual implementation to differ from this definition. The design

of a butterfly switch is ccm ;iex enoug h t h a t  m any of the topics

interact . ~e therefore apologize in advance for discussir.g some

topics before they have been properly iritroGuced .

3 .1  Para l le l  ata Pa ths

Cle ar l y ,  the bandwidth of the butterfly Ow itch is gcing tc

be ar. important parameter of a Butterfly ~ultiprcces scr. The

s i m p l e s t  way to im p r c v e  t h i s  b a n d w i d t h  is t h r c u gh  p a r a l le l i s m  in

the data patos of the switch. This also nas the advantage of

amortizing toe overhead  of the  c o n t r o l  p o r t i o n  of th e  s w i t c h  ——
the control logic in an ::: implementation , and tac ccritrcl p ins

in an Ill imp lemer.tation. ~.t times , we will use the t1~~r~~.

— c -  
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th ickness as a synonym for data parallelism when referring to the

dimens ions of a Butterfly Sw itch.

It is not necessary to go to extremes , when introducing

par allel ism , by des ig ning sw i tches wh ich perm it the transact ion

to be c r .ly  one t i c k  long ; a small  amount  of pa r a l l e l i sm  (suc h as

k or b bits parallel) produces a switch in which one path has a

bar.dw iuth of many tens of megabits . Large amounts of’ parallelism

become u r . a t t r a c t i v e  w h e n  the  m a r g i n a l  sy stemS advantage of an

extra data path beccmes less than the marginal increase in the

cost of the switch.

3 . 2  ~w i t c h  : 0cc  Ease

Previc us descriptions of tne Butterfly Sw :tch r•ave assumec

t h a t  t o e  s w i t c r .  n o a e s  nave two inputs and two cutpu ts . This

co o i c e  is somewhat arbitrary; in fact , a switch rcde wi tr . any

n u m b e r  of :n p s t s  and o u t p u t s  ( g r e at e r  t h a n  I ) could be used .

:nde ea , we :eel tout a switch node wi t t. ~ i n p u t s  and 4 o u t p u t s  is

ou c h  be tt er because it reduces the number of switcn nodes by a

factor of 4 and the number of intercon nect ions by a factor cf 2 .

ndeed , a switch of base d wculo r e ouc e t :.e n u m b e r  c± n o d e s

furtoer. however , as we w oll ~ee , l lr g e  oa~ es leac to less

m odular ~wit oh sizes ar.d larger switor. r.ode imp euertations . A

cnc:o~ c: 4 :Lr toe base seems a gccd compromise.
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:igure 3 .2— 1 A Butterfly Sw itch of Base 4

~e will call a switch node which has b inputs and B output s

a s w i t c h  node  of “ b a s e — b ”  because the number of nodes in a

butterf y Owitc o with N ports is:

— IC  —
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(N/B)*Log[Base E](N)

U n f o r t u n a t e l y  fo r  bases o the r  than two , the  easily

recognizab le  s t r u c t u r e  of the Fast Fourier Transfo rm is lost.

For example , F igure  3 . 2 — 1  shows the i n t e r c o n n e c t i o n  p a t t e r n  f o r  a

16 X 16 B u t t e r f l y  Swi tch  constructed from base—4 switch nodes.

For com par ison , Figure 3 .2—2 shows a 16 X 1 6 Butterfly Sw i tch

us ing  ba se— 2 Swi tch  I~odes .

i’rom these two figures , it is obv ious that the sw i tch w i th

the  h i g h e r  base has f e w e r  nodes and f ewer  w i r e s .  We can quant ify

the impact  of the  s e l ec t ion  of a base on the  s ize  and s t r u c t u r e

of the switch in hopes that this will lead us to an optimum base

for the Eutterfly bwit ches we w ill construct.  Thes e cal culatio ns

assume that the number of ports is an integral power of the base

cf the switch. Other numbers of input s and outputs will be

discussed later. The calculations count the number of i n p u t port

w i r e s  but not the  n u m b e r  of o u t p u t  por t  w i r e s .  The  d i f f e r e n c e  is

:: wires.

,1_ _ L L
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b i g u r e  3 . 2 —  A Bu t t e r f ly  s w i t ch  of Ease 2

As sume:

2 = Number of ~w it cn nodes
= :;urnber of ports into t oe  ~~itch
= Ease of t h e  ~w i t : h

C = ~.um ber c~ co_um n s
= :;umber of interccnne cti :r .s

— ‘~~~-
, — 
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• Then ,

C = LOG[Ba se B J ( N )
S = ( N / B )  * LCG [Ease  B ] ( N )
W = B * S

It’ we w i s h  to compare  swi t ches  of two bases , w e can der ive

the ratios of the number of switch nodes and the number cf wires

in two s w i t c h e s  as fol lows , assum i ng an equal n u m b e r  of i n p u t

ports:

S1/S2 = (E 2  * L O G ( E 2 ) ) / ( E 1  * LOG(E1))

W 1 /W2 = ( L O G( B 2 )/ L CG ( E 1) )

The f o l l o w i ng  tab le  compares  b ase — 2 s w i t c h e s  with hig her

base switcoes. In each case , the table  en t r y  gives the

imtrcvernent :~roviued by the hi gher base. For examp le , a base—2

switch has 12 times as many switch nodes as a base—b switch .

EASE 21/22 W1/ ~ 22 1 1
4 4 2

12 3
16 32 4

Thus a switch with a larger base has fewer switch nodes and

f e w e r  i n t e r c o n n e c t i o n s . Sw i t c h e s  wo tO large bases nave a further

advantage o v e r  t h o se with small bases in that a sing le switco

node car . be b u i l t  as a = X crcsspcint switch. This reduces toe

number of  ccn :licts i n  t h e  n e t w or k , toereby increasing t h e

perfo rmanc e of the switon .

-~~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~ — • - — -
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• Wh ile the reduction in the number of collisions is an

important advantage of larger bases to the perfo rmanc e of t he

network , we should also note that a higher base implies f€ ar

• 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 problems ~cit h large bases. :n

particular , the butterfly Switch does not grow as smoothly as we

had earlier expected . Althoug h it is practical to make a large

range of switch sizes from the same switch node , there are rather

sharp growth çcints where the size ct’ the switch must be

increased significantly to add one m o r e  r o r t . ~.e w i l l  c is c u ss

these i s sues  more  in t~oe next s e c t i o n .

:n light of these considerations , ~.e sx~ ect to bui ld ocr

switch using base—4 nodes since it aco.isves a gcod compromise

between t h e  complexity of t h e  switco noce and the im proved

performa nce of the switch.

3.3 Partial Switches

As we have noticed tefc re , lltterf y Ow itches nave certain

pre erre i numbers of ports which result in ccm ’ofete swit ches. y

com p le te , we mean that in. toe switch , the re are mc r .coes  w h : : h

n ave unused inp~~ts or outputs. These numbers are a function cO

toe base. The n u m b e r  of p o r t s  in a c o m p e t e  s w it o n  is E**i wo ere



R e p o r t  N o .  4 143 Bolt Eeranek and Newman Inc.

B is the base and i is an integer. The progression for various

bases is as fo l l ows :

base Number of Ports (N)

2 1 2 4 5 16 32 64 126 256 512 1C2 4

4 1 4 16 64 256 1024

• 5 1 5 64 5 12 .

~i~ ure 
~~~~~~~~~~~~~ A P a r t i a l  S w i t o n

~~~~~~ - 
•~~~~~~~~~~~~~~ :~~~~~~~~~~~~
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If N is not an in t eg ra l  power of the base , t h e n  the

s t ruc ture  of th e sw i tch is that  of a sw i tc h w hi ch is “the next

s ize large r ” : that is , one with B**i ports where i is the next

larger integer. This leaves a switch which has many unused

ports , and potent ially eve n unuse d sw it ch nodes . We can remove

the unused switch nodes from the switch network .

Figure 3 .3—1 is an example of a 10 X 10 switch which has had

-, the unneeded  s w i t c h  nodes  r e m c v e d .  The pattern of unneeded

switch nodes is muc h more complex in larger switches .

3.4 lcn~ /Short r.:essages

The pipeli:~ed structure of a b u t t e r f l y  : I w i t c l ,  im ~ l i e o  a

r~~ atively lar~ e initial delay in setting up a transfe r , fcilowec

a very ni gh transfer rate. T h i s  means tout toe butterfl y

w i t c n  f a v o r s  messages  which are l on g  over t o c se  w h o c h  ar t  s n o r t .

The s t r u c t u r e  of a ti ghtly ccup l~ c malt ipr oc€s sc r , hcw~ ver ,

recuo res the ability to read and wri oe ~:ng e- w crds acrcss the

s w i t c r . . As a r~~su l t , we have d e c i c e d  that t
:.~~~ oardware ~iI1

surp or t bcto s:ng le word transfers and mult:p lt wcr c trar,sfer~~.

This deco~~icn is a mat ter of appli ca~~icn of t:..~ swi tch , sinc e t o~

switc: • need not ofo cr imomute betwee n t:.ese tA: messa~ ~~pe s.

he presence of cmg :.e• cage: ~~e swYo:.

a:fe:t l at-~rcy of t:.c snort :.~- s ges. :r. ~-~ c , t r n ~~ of ,

-. 
~
. .. C , ‘.0 -~ 
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one path through the switch would be constantly occupied . We

woul d expect this to block many short messages and stop many

other prccessors.

The simplest solution to this is to divide long transfers

into shorter pieces , of say 16 words. This has four further

aovantages :

Toe switch interface implementaticr. is simplified
because toe me~ sages can be assembled in hardware

~uffers. T h i s  also decoup le s  toe switch rate and the
p rocessor node rate.

2 .  h i t : .  an ap~ ropriate switch interface design , the local
;rccesa cr can access remote memory lccat~ c m~ during toe
tran~ fer of a l or ~~ d a t a  block.

~:.cr1~~r ro~ s~ uges omp rov e t o r c u g o p a t  w~~er ~ ow i t c h
t r ar . .~m :~~s~~Cr . err ors occur .

5. toe ~rcce~ scr n~ eJ, the iull b and wi dt o of the
mem ory for f ac t interrupt servicing, the sectioning of
log d a t a  b l o c k s  i n t o  snort data blocks may allow the
~roc~ ssor to temporarily s t o p  a data transfer betwee n
t o e  small b l o c k s  during the interrupt service routine.

5 Opeed Isues

~cr t h e  Voice Funnel application an important speed issue is

t oe  b a n d w i d t n  of a butterfly Switch. Thos bandwidth is a

:‘u r . c t~~cn of five factors:

1 . Switch thickness — The bandwidth is linearly related to
h o w  many b i t s  r n c v e  a c rcs s  t oe  s w i t c h  d u r i n g  cne c lo c k
period .

2. switch clock frequency — T h e  b a n d w i d t o  is linearly
related to toe switch clock frequency.

~~~~~~~~~~~~~~~~~~~~~~ -—-- - •~~~~~~~~~~~~~ - ~~- - ~-- —•.~.-- --- - -~ • -~~~~ —~~ ______ • :
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3. Control overhead — As eac h message cons ist s of da ta b its
and control bits , the  b a n d w i d t h  is re la ted to the  rat io
of data  b i t s  to message b i t s  ( i . e . ,  data b i t s  plus
con t ro l  b i t s ) .

4 . ~emory bandw idth — At some operating point of the above
fcur fac tors , the data canno t be wr it ten into or read

V f rom the local memory fas t  enough to keep the  s w i t c h
path busy and st ill perm it the local processor an
occasional access to its memory .

The swi tch clock frequency i s lim ited by the time it takes

to establish a connection between a switch node input and output

• port or by the time it takes to p ropaga te  the  data to the  next

switch node . In very large switch configura ti ons , the

propagation time may be larger than the connection time . ~e have

estimated the maximum clock rate using standard T’L Schottk y ~OI

components. The worst case conr.ecticr. time is 77 nsec and tne

worst case propagation time is 40 risec. because of the 4 Nhz

max imum clock f re quency of the m icro p rocessor , a 12 NEz switch

c loc k fr equency seems to he a goo d c ho ic e .

Because not every switch clock per icd transfers data , the

V potential band widtn of 48 ~Ez is further reduced . Fcr the

unidirectional switch , the table below shcws the reduction in

bandwidth due to the inclusion of control bits in each message

f o r  several data block sizes: (Base—4 , 125 p roc es sors , t h i c k n e s s

cf 4 ) .

a ta  ~.essage  L f f e c t :v e
b i t s  Size bandwid th (NE:)

— 26 —
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16 96 8
32 112 13.7
64 144 21.3

256 336 36.6

As can be seen , dat a sent  or re tr ieve d f r cm  remo te memory  i n

multiple wor d b locks makes much be tter ut ilizati on of the

But terfly Sw itch.

3.6 Deadlocks V

Cons ider a switch interface having a single input messag e

b u f f e r and a s ing le output message buffer. The deadlock shown in

Figure 3.6—1 can be imagined as resulting from the :‘ollcwing

scenario: 1 ) both Ncde A and Node send mem ory “request”

• messages to each other simultaneousl y; 2) after t hese  r e c u e s t s

hav e beer.  p r o c e s s e d , but  b e f o r e  t h e  r e p l i e s  have  ceen  sent ,

requests from twc other nodes (X and Y) arrive at toe inputs. At

toll point , the “replie s ” in Node A and :;ode E cannot be sent

V 
because t h e  r e c e i v e  b u f f e r s  are cccup i ed  by t h e  f o r e i g n  requests .

Yet , mc further process ing of requests can be do n e to  free to~

receive buffers u n t i l  the r e p l i e s  have been  sent  —— toe system

locked up.

howev er , if we can assure that a reply message oar. a wa ys be

sent and accepted , t h e  system is free of deadlocks. Toll guiding

:~r~ nci r le will help us understan d the requirements on the desi gn

of toe s w i t c o  ano the s w i t c h  interfac e whic h are necessar; to

- 2 7 -
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NODE A 
- — 

NODE B

figure 3.6— 1 A ~ead lcck

assure deadlock—free cperatior .. Th validate these ideas , toe

simu lations which we will be describing later have implemented

t~ eo~ mecr :ar .isms and have not exhibited deadlocks.

—
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If we are to assure that replies are always accepted , we

must prov ide a mechanism wh ich accepts them even if the rece iver

buffer is occupied . To assure this , we prov ide two buffers: one

for requests and one for replies . This is not enough; we must

also have a way to peek at each message and tur n requests away

when the request buffe r is occup ied so that repl ies can alway s be
• accepte d at the entry port to the processor node. This function

can be perfo rmed by first accepting the header of the message and

then assert ing the REJECT s ignal if it is a request and the

request buffer is busy .

No te that it is this re qui rement wh ic h leads to dead locks

when the Wait strategy is applied to the one way switch. The

~ait strategy has no mechanism for turning away requests and

l e t t i n g  r e p l i e s  t h r o u g h .

If we are to assure the path of a reply , we mus t also assure

that it can be transmitted in the first place. The

straightfo rw ard way to do this is to p r o v i d e  two tr ansm it buffers

and allocate one for replies only . Then , when a re quest is

rejected , befo re retransm itt ing the re ques t , the tr ansm i tter

shoul d check the reply buffer and if a reply is present , send it

ir.stead of the request.

Finally, w e are count ing on randomness in the sw itch to

assure  t h a t  r e p l i e s  do r .ct r e p e a t e d l y  en c cun t e r  the same or other

~~~~~~~~~ _ _ _ _ _ _

- • • •~~~~• • • . . . - • 1~~7• . : ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 
__ J



- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Report No. 4143 Bolt Beranek and Newman Inc.

request messages in the switch , thus also lead ing to deadlocks.

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

3.7 Error Control

We have used the analogy of the Butterfly Sw i tch as a

commun icat ions netwo rk before. As we know , one of the impor tant

cha rac t e r i s t i c s  of a commun ica t i ons  network is its h a n d l i n g  of

errors . ~e expect two things of such a network : 1) extremely low

p r o b a b i l i t y  of unde tec ted  e r r o r s , and 2)  au tomat i c  r eccvery  f rom

errors.

Although the B u t t e r f l y  Switch is within a computer system ,

we should still expect errors to occur —— if r.ct because of

no ise , then because of e ith er interm itte nt or so lid com po nent

failures . We have discussed the introducti on c±~ extra columns, in

the  swi t ch  to p r o v i d e  e x t r a  paths  w h i c h  w i l l  p e r m i t  o p e r a t i o n

once failed components have been identified. In order to detect

errors when they occur , we expect to prcvide check bi t on each

transact ion.

Errors in the data of a message w i l l  be d e t e c t e d  by t h e s e

check b i t s , but  errors in addressing will rct be. A simple way

to detect addressing errors is to includ e the destination address

in  the  checksum w h e n  t he  message is sent  arid to have the

d e st i n a t i o n  p rocessor  node  inc lud e i ts  own a d d r e s s  w h e n  it

ver ifies the checksum . Thus , if t h e  message  reaches toe  c o r r e c t
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des tinat ion w i thout error , the checksum w ill be correct.

Otherwise , an error w ill he detected . This method has the

advantage of avo iding the transmission of the destination address

in the  text  of the  message.

3.6 Flow Control

Anot her characteristic which we have come to expect of

commun ications networks is a facility for flow control. This is

nece ssary whenever we cannot guarantee that the rece ive r has

sufficient resources to accept what the transmitter may wish to

send . Cur initial design for the switch int~-rface imp lies a very

structured bufferin g arrangement w~ th few :.essa&e form at

var :atioms. a resu~ t , cu r  :m~ t:al cesi.-:r woulo not r . ee :  :~~ow

cc m tr~ l ir. toe sw~~tcn.

3 . 9  Current Switch esi gr~

V 
n summary , w e  f e l t  t h a t  t h e  best sw:tch des:gm for the

range of macoines currently antic ipated is ~s follws:

1 . Conflict F.escluticn — ~e w i l l  use t h e  “ retreat”
strategy .

2 .  P a r a l l el  E a t a  P a t h s  — lata t a r a ll e  iso of S b :ts callec
a “nibble ”).

3. Sw itch Pase — Ease—4 .

4. E x t r a  Columns — :.one for a 1~ inpu t sw:tcm , t~~raaps Cr.e
for a tS  cr 25c input swi t co .
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5. Long/ Shor t  ~iessages — Both  long messages ( m u l t i p l e wo rd
transfers) and short messages (single word transfers)
w i l l  be supported . To keep the la tency of shor t
messages low , long message s w ill be b roken into b locks
of 16 words or less.

6. Speed — ~e expect the sw itch to clock at between 1 0 and
12 Mhz f o r  an e f f e c t i v e  b a n d w i d V t h  of 40 to 48 ~‘iHz perpa th .  In a s w i t c h  w i t h  256 por t s , t h i s  impl ies  a
maximum aggregate data rate of 10 to 12 gigahertz .

7. Deadlocks — ~e will avoid deadlocks by using the
“ r e t r e a t ”  s t ra tegy in the s w i t c h , and by des igning the
sw- i t ch  i n t e r f a ce so tha t  it can a lways accept  a r ep ly .

8. Error Control — The sw i tch it self w ill ~ct perfo rm any
e r r o r  con t ro l , but the  s w i t c h  i n t e r f a c e s  w i l l  use check

V bi ts to detect errors in data or r o u t i n g .

9 . F low C o n t r o l  — None in the switch. The sender and
r e c e i v e r  wi l l  be de s igned  sc t h a t  t h e  transactions do
not  need f l o w  c o n t ro l .
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