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Abstract

In his seminal pap er in 1979 [1] on memory consistency , Lamp ort prop osed t w o re-

quiremen ts for a m ultipro cessor system to b e sequen tially consisten t. The second condition

stated that memory \requests from all pro cessors issued to an individual memory mo dule

are serviced from a single FIF O queue. Issuing a memory request consists of en tering the

request on this queue". Recen tly , the authors ha v e the opp ortunit y to revisit Lamp ort's

conditions in the con text of a design study of the IBM Cyclops m ultipro cessor-on-a-c hip

arc hitecture (kno wn as BG/C) from the system soft w are angle. W e �nd that when a m ul-

tipro cessor system emplo ys a net w ork to comm unicate with its shared memory mo dules {

suc h as in the BG/C arc hitecture - w e need to carefully elab orate Lamp ort's requiremen ts

to co v er the net w ork. Th us w e ha v e extended the Lamp ort's second requiremen t along this

line and demonstrated that the revised conditions are su�cien t for ensuring the sequen tially

consisten t b eha viors for a class of BG/C-lik e arc hitectures.
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1 In tro duction

A memory mo del de�nes ho w memory system b eha v es in a computer system. A sequen tial

computer's memory mo del is straigh tforw ard: ev ery read op eration returns the v alue of the last

write op eration to the same lo cation, and ev ery write binds its v alue to the subsequen t read

op erations un til the next write to the same lo cation. Ho w ev er, the memory mo del of a shared-

memory m ulti-pro cessor mac hine is complicated, since the de�nitions suc h as \subsequen t read"

and "last write" need to b e rede�ned when there are m ultiple pro cessors reading and writing

the same memory lo cation.

The most widely accepted memory mo del for the m ultipro cessor mac hine is Lamp ort's

se quential c onsistency (SC) mo del - a simple extension of that of unipro cessor mac hine. It w as

describ ed b y Lamp ort in the follo wing w ell-kno wn statemen t [1 ]:

[A system is sequen tially consisten t if ] the result of an y execution is the same

as if the op erations of all the pro cessors w ere executed in some sequen tial order,

and the op erations of eac h individual pro cessor app ear in this sequence in the order

sp eci�ed b y its program order.

The ab o v e quote b ecomes the commonly used de�nition of sequen tial consistency in most text-

b o oks and researc h pap ers.

In his 1979 pap er cited ab o v e, Lamp ort also illustrated ho w to satisfy SC using a simple h y-

p othetical shared-memory m ultipro cessor system [1 ]. This h yp othetical m ultipro cessor system

will b e describ ed in more detail in Section 2, but brie
y , it consists of a collection of pro cessors

and shared memory mo dules, and the pro cessors comm unicate with eac h other only through

shared memory read and write op erations. Lamp ort p osted the follo wing t w o requiremen ts as

su�cien t to ensure this system to b e sequen tially consisten t:

1. R1: Eac h pro cessor issues memory requests in the order sp eci�ed b y its program.

2. R2: Memory requests from all pro cessors issued to an individual memory mo dule are

serviced from a single FIF O queue. Issuing a memory request consists of en tering the

request on this queue.

The w ork describ ed b elo w is mostly inspired b y a suggestion from Henry W arren from IBM

T.J. W atson Cen ter [2] to consider a pro of of sequen tial consistency for the BG/C m ultipro ces-

sor mac hine designed b y Mon t y Denneau [3 ]. Denneau's m ultipro cessor-on-a-c hip arc hitecture

emplo ys a switc h net w ork b et w een the pro cessors and memory mo dules in a so-called dance-hall

con�guration [4 ]. Compared with Lamp ort's h yp othetical m ultipro cessor, the queue attac hed

to eac h memory mo dule is no w on the \memory" side of the net w ork. Denneau b eliev es that the

base BG/C c hip arc hitecture is sequen tially consisten t and there is no need to issue fence-lik e

instructions after eac h memory op eration to ensure SC.

1



Although Dennear's conjecture is, at �rst glance, quite ob vious, it to ok us m uc h longer to

construct a pro of to b e presen ted in this pap er. A ma jor issue is: a memory op eration needs

to go through the net w ork b et w een \issued" b y the pro cessor and en tering the corresp onding

memory mo dule, instead of as in condition R2 \... Issuing a memory request consists of en tering

the request on this queue".

Therefore, the pro of pro cess will need to understand what features of the BG/C on-c hip

net w ork satisfy the requiremen t of the original Lamp ort's R2 condition. W e end up with a

re�ned R2 condition that will b e illustrated in Section 3. Another c hallenge in the pro of is to

sho w that the condition R2 (or the re�ned R2) is su�cien t to lead the v alidit y of the widely

referred Lamp ort's SC de�nition (see the quotation in Section 1). In a real m ultipro cessor

system, the lifetimes of memory op erations ma y actually b e o v erlapp ed - a fact also p oin ted

out b y Lamp ort. Therefore, the \total order" in Lamp ort's SC de�nition, in the mathematical

sense, needs more delib eration. W e b eliev e that to construct a \total order" as describ ed in

Lamp ort's de�nition, it app ears to b e m uc h easier for the programmers to use or think ab out the

issuing order, i.e., the order of memory requests describ ed b y their issuing time from pro cessors.

T o this end, our pro of sho ws that in the con text of the BG/C c hip arc hitecture, whic h satis�es

our re�ned R2 condition, and b egin with a total order based on the completion time, w e

can actually p erform a series of \result-preserving" reordering transformations bac k to a total

order based on the issuing order. Therefore, w e can sho w that the base BG/C arc hitecture is

sequen tially consisten t complian t - a concept in tro duced later in Section 4.

Let us put this pap er in a broader con text. W e ha v e witnessed the emerging tec hnology trend

on m ultipro cessor-on-a-c hip arc hitecture with 10s-100s pro cessing/thread units. In the general-

purp ose parallel computing arena, a represen tativ e m ultipro cessor-on-a-c hip arc hitecture is the

class of cellular arc hitectures (IBM BG/C arc hitecture [5 , 6, 7 , 8 ] is one example of this class).

A t the c hip lev el, the cellular arc hitecture emplo ys a decen tralized micropro cessor design {

using a cellular organization in terconnecting a large n um b er of v ery ligh t-w eigh t pro cessors

called pro cessing cells. A thread running on the pro cessing cell carries v ery little state { the

pro cessor is v ery simple and emplo ys simple in-order issue to reduce the hardw are complexit y .

The on-c hip comm unication net w ork pro vides ric h in terconnection and su�cien t bandwidth for

in terpro cessor comm unication among the pro cessing cells and their shared memory . Another

class, in the domain of application-sp eci�c arc hitectures, is called extr eme chips [9 ]. As man y

as 300+ RISC pro cessors are in tegrated within one c hip to p erform pro cess comm unication

tasks. Therefore, designing suc h a c hip and establishing its memory consistency requiremen t

ha v e a practical signi�cance. W e are not a w are of an y de facto standard on ho w to pro v e a real

arc hitecture to b e sequen tially consisten t. T o this end, w e wish to share our initial exp erience

with BG/C to the readers and hop e it ma y help to foster more discussions.

This pap er is organized as follo ws. Section 2 �rst revisits Lamp ort's t w o requiremen ts in

the con text of a m ultipro cessor with a dance-hall organization of its shared memory mo dules

and net w ork, then prop oses our re�ned requiremen ts. In section 3 w e �rst in tro duce the base

IBM BG/C Cyclops m ultipro cessor-on-a-c hip arc hitecture, whic h is referred to as base Cyclops

arc hitecture (or simply Cyclops arc hitecture when no confusion ma y o ccur) when w e discuss
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the memory mo del in section 4, and then giv e the problem form ulation. In section 4 w e presen t

an outline of our pro of that the Cyclops arc hitecture b eha v es lik e a sequen tially consisten t

system, and lea v e some of the details in the App endix I and App endix I I. In section 5, w e giv e

a brief discussion of some extensions to the base Cyclops arc hitecture and discuss ho w they ma y

in
uence the underline memory mo del. W e then discuss our future w ork in the same section.

The related w ork is listed is section 6. Section 7 summarizes the whole pap er w ork and giv es

the conclusions.

2 Motiv ation

The arc hitecture mo del w e concern, as sho wn in �gure 1, consists of a collection of pro cessors

and memory mo dels, and the pro cessors comm unicate with one another only through reading

or writing shared data in memory mo dules. Pro cessors and memory mo dules are connected b y

a single bus or general net w ork. W e called it a \dance-hall" con�guration (m uc h inspired b y

past literature).

MMM

memory
buffer

memory

......

......

P P ...... Pprocessor

General connection 
(network or single bus)

Figure 1: General Dance-hall Arc hitecture Mo del

Let us �rst examine the su�cien t condition for this system to b e sequen tially consisten t.

As men tioned in the previous section, Lamp ort has prop osed t w o requiremen ts in 1979, and

the second requiremen t is \R2: Memory requests from all pro cessors issued to an individual

memory mo dule are serviced from a single FIF O queue. Issuing a memory request consists

of en tering the request on this queue." R2 implies that an op eration is issue d only when it

has reac hed the memory bu�er. When the R2 condition w as explained using his h yp othetical

m ultipro cessor system, Lamp ort did not elab orate what requiremen ts the net w ork should follo w

in order to ensure the sequen tial consistency .

In real arc hitecture mo dels, net w orks cause some dela y in transmitting a memory request,

i.e. a dela y from the time it is issued b y the pro cessor to the time it arriv es at the destination

memory queue after tra v elling through the net w ork. If no restriction on the distribution of suc h

dela y is imp osed, a net w ork design ma y violate the R2 condition. Let's consider the follo wing

example:
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Initially x = flag = 0

P1: P2:

i1: x = 1; i3: while(flag==0) {;}

i2: flag = 1; i4: read x;

W e exp ect that in most \reasonable" memory mo dels i 4 returns x = 1. Programmers ma y

reason this example (sa y , under Lamp ort's h yp othetical m ultipro cessor mo del) as follo ws. W e

kno w that i 1 is issued b efore i 2, and i 3 is issued b efore i 4 - from the condition R1. Since the

while lo op in i 3 exits only when the c hec k of f l ag returns v alue 1, i 2 m ust ha v e b een p erformed

at that time. Consequen tly , when i 4 is issued, i 1 has already b een issued. Th us i 4 will b e

p erformed after i 1 and return the v alue written b y i 1.

Ho w ev er, supp ose in a real dance-hall system x and f l ag are in di�eren t memory mo dules,

and the dela y o ccurs in the net w ork suc h that although i 1 is issued to the net w ork b efore i 4, it

ma y arriv e at the memory bu�er for x later than i 4. If this happ ens, then i 4 returns the wrong

v alue 0 - a con tradiction to sequen tial consistency!

This inspires us to re-consider the su�cien t requiremen ts for a general dance-hall system to

b e sequen tially consisten t, and prop ose the follo wing re�ned R2 requiremen t:

R2-re�ned: Tw o op erations designated to the same memory mo del M will b e

deliv ered to M 's FIF O queue in the same order as they en tered in to the net w ork.

W e will pro v e later that, in the con text of a class of m ultipro cessor-on-a-c hip arc hitecture

suc h as the IBM BG/C arc hitecture, R1 and R2-re�ned together are su�cien t to ensure the

sequen tially consisten t b eha vior of a general dance-hall system.

3 Problem F orm ulation

3.1 T arget Arc hitecture Mo del

Figure 2 illustrates the base Cyclops m ultipro cessor-on-a-c hip arc hitecture mo del. The base

arc hitecture mo del simpli�es the actual Cyclops arc hitecture and only con tains the features

relev an t to our study of the memory mo del. In section 5 w e will presen t a more \complete"

Cyclops arc hitecture mo del, and discuss ho w our results deriv ed from the base mo del ma y also

b e applicable.

The base Cyclops arc hitecture is comp osed of a collection of pro cessors and memory banks

connected b y a crossbar. The memory banks could b e either on-c hip memory or o�-c hip memory .

Eac h pro cessor issues its memory op erations in program order in to a FIF O queue called the

\issuing bu�er". The design of the pro cessor guaran tees that memory requests are issued in to

the issuing bu�er in program order.

1

1

In fact, a memory request cannot b e issued unless its unipro cessor data dep endence and con trol dep endence

are satis�ed.
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PP

M M M

P

......

......

......

......

mb

cm

cp

t

t

t

memory

crossbar

buffer
memory

buffer
issuing

processor

Figure 2: Base Cyclops Arc hitecture Mo del

The crossbar pro vides the follo wing nice prop ert y , whic h w e name as the \equal latency"

prop ert y . Once a memory op eration, whic h accesses memory bank M , is \admitted" (from the

issuing queue) to the net w ork, the time it tak es to tra v el the net w ork and reac h M 's memory

bu�er is a constan t, regardless its sp eci�c origination. This constan t latency applies to all

memory requests to M - hence the term \equal latency" prop ert y . If t w o memory requests ha v e

the same memory destination are ready to b e issued at the same time, one of them, determined

b y arbitration, will b e stalled at its issuing bu�er un til the con
ict is resolv ed.

The programming mo del is rather simple { only \read" and \write" op erations are con-

cerned. In section 5 w e will discuss other memory op erations lik e sync hronization op erations.

3.2 Problem Statemen t

As describ ed in the in tro duction, it has b een conjectured that the base Cyclops arc hitecture

ob eys the sequen tial consistency , and this is true ev en without using an explicit \sync" or \fence"

[10 ] instruction after eac h read or write instruction. The problem statemen t of this pap er is:

c an we establish the validity of this c onje ctur e and how ?

Before w e pro ceed to presen t our pro of, w e wish to discuss wh y the answ er, although migh t

lo ok in tuitiv e, is not trivial.

In tuitiv ely , the equal-latency prop ert y of the Cyclops arc hitecture should satisfy the R2-

re�ned condition w e ha v e outlined earlier. And it is easy to see that Cyclops satis�es b oth R1

and R2-re�ned, hence the system app ears to b e sequen tially consisten t without elab oration -

as Lamp ort did in his 1979 pap er. Ho w ev er, as w e ha v e discussed earlier in the in tro duction,

the relation b et w een lifetimes of t w o memory op erations in a real arc hitecture cannot b e c har-

acterized as \happ en-b efore". In realit y , in the construction of the \total order" men tioned in

the Lamp ort de�nition of the sequen tial consistency , t w o op erations ma y b e ordered (in the

sense of Lamp ort order) b y their issuing time, or their completion time. Other p ossibilities

also exist, but let us limit to these t w o whic h are the most in tuitiv e ones used. It is our b e-

lief that it is often easier for a programmer to think ab out the order of memory op erations
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c haracterized b y the time when they lea v e a pro cessor, instead of w orrying ab out the order

c haracterized b y their execution time at the memory end - as that ma y b e \v ery far a w a y" and

the op erations ma y tra v el through v arious stages, or queues, etc. T o this end, our pro of sho ws

that in the con text of the base Cyclops arc hitecture (that satis�ed our re�ned R2 condition)

and b egin with a total order based on the completion time, w e can actually p erform a series of

\result-preserving" reordering transformation bac k to a total order based on the issuing order.

Therefore, w e can sho w that the base BG/C arc hitecture is sequen tially consistency complian t

(a concept in tro duced later in Section 4).

4 Cyclops Memory Mo del

In this section, w e will outline the pro of that the base Cyclops arc hitecture mo del, as presen ted

in the previous section, ob eys sequen tial consistency . This section is assisted b y App endix I

and App endix I I, where some details of the pro of is describ ed.

The main b o dy of the pro of consists of Theorem I and Theorem I I . Theorem I states

that Cyclops is not sequen tially consisten t in the classic al sense, and Theorem I I states that,

nonetheless, Cyclops arc hitecture is sequen tially consisten t complian t, a notion w e will in tro duce

later.

The classic al sequen tial consistency (SC) is de�ned b y Lamp ort as:

[A system is sequen tially consisten t if ] the result of an y execution is the same

as if the op erations of all the pro cessors w ere executed in some sequen tial order,

and the op erations of eac h individual pro cessor app ear in this sequence in the order

sp eci�ed b y its program order [1 ].

There are t w o conditions indicated in this de�nition:

(1) Op erations of all pro cessors are executed in some sequen tial order (i.e., a total order).

(2) In that total order, op erations from an individual pro cessor are executed in the program

order.

W e call the total order whic h satis�es condition (2) the \Lamp ort order".

Theorem I: Cyclops is not sequen tially consisten t in the classic al sense.

Pro of:

Consider the follo wing example:

Initially x=y=0

P1: P2:

i1: write x=1 i3: read y

i2: write y=1 i4: read x

6



Supp ose memory lo cation x is in memory bank M

x

, and memory lo cation y is in memory

bank M

y

, M

x

6= M

y

. Let � denotes the program order, then i 1 � i 2, and i 3 � i 4. Because

the pro cessor in Cyclops issues its memory op erations in program order, w e ha v e t

cp

( i 1) <

t

cp

( i 2) and t

cp

( i 3) < t

cp

( i 4) (please refer to �gure 2 for the de�nition of t

cp

). Then t

cm

( i 1) =

t

cp

( i 1) + C ( M

x

), and t

cm

( i 2) = t

cp

( i 2) + C ( M

y

). Without an y loss of generalit y , w e assume that

b efore i 1 there are already W

x

op erations w aiting at M

x

's bu�er, and W

y

op erations w aiting

at M

y

's bu�er. Also assume that in a v erage it tak es S

x

units of time and S

y

units of time for

M

x

and M

y

, resp ectiv ely , to pro cess a memory request, then t

mb

( i 1) = t

cm

( i 1) + W

x

� S

x

=

t

cp

( i 1) + C ( M

x

) + W

x

� S

x

, and t

mb

( i 2) = t

cm

( i 2) + W

y

� S

y

= t

cp

( i 2) + C ( M

y

) + W

y

� S

y

.

Supp ose W

x

> W

y

, S

x

> S

y

and C ( M

x

) > C ( M

y

) (this probably happ ens in real mac hine), w e

ha v e t

mb

( i 1) > t

mb

( i 2). That means, i 1 will b e p erformed after i 2, whic h breaks the program

order sp eci�ed b y P 1. The same thing ma y also happ en b et w een i 3 and i 4. Therefore the

condition (2) in Lamp ort's de�nition ma y not b e satis�ed. Th us in the classical sense, Cyclops

is not sequen tially consisten t, i.e. , not ob eying the Lamp ort order.

Pro of done.

Although Cyclops is not sequen tially consisten t in classic al sense, it b ehaves lik e sequen tial

consistency . If executing the ab o v e example in a sequen tially consisten t system, i 3 and i 4 ma y

return the result for ( x; y ) as one of (0 ; 0), (1 ; 0) or (1 ; 1), but not (0 ; 1). In Cyclops, the readers

ma y wish to b e con vinced that the same results will b e obtained. (Hin t: to sho w that (0 ; 1) is

not p ossible { note that i 3 will happ en after i 2 to read y = 1. This implies that i 1 is de�nitely

issued b efore i 4 to M

x

, th us i 1 is serv ed b y M

x

b efore i 2.)

In this sense, w e call Cyclops \sequen tially consisten t complian t", a notion to b e in tro duced

later. W e will try to pro v e this assertion in Theorem I I . But b efore that, let us consider the

in tuitiv e reasoning b ehind the rigorous pro of. Note that the \total order" in Lamp ort sense

implicitly implies an ideal scenario that there is no overlapping b et w een op erations in the total

order. In realit y , suc h as in the case of Cyclops arc hitecture mo del, ho w ev er, this \lifetime" of

an op eration ma y b e o v erlapp ed with others, i.e. , an op eration ma y start earlier than another,

but �nish (p erform) later. This is re
ected, in fact, in the coun ter example sho wn in the pro of

of Theorem I . So w e need to ha v e a formalism to handle the ab o v e o v erlapping situation.

Our pro of of Theorem I I pro ceeds as follo ws: w e �rst represen t all op erations executed

for a parallel program P r og as a m ulti-set 	. On 	 w e build up t w o total orders, one

is � , based on the p erforming time ( i.e., t

mb

) of op erations, and the other is � , based on

the issuing time ( i.e., t

cp

) of op erations. Then the \execution" is conceptually represen ted

as the (	 ; � ) pair. W e also in tro duce another \pseudo" execution (	 ; � ). W e pro v e in

Lemma 1 that � is a Lamp ort order, th us (	 ; � ) is a sequen tially consisten t execution.

Then in Lemma 3 , w e sho w that the order � can b e transformed { through a series of

reordering steps that preserv e \equiv alence" (based on Lemma 2 ) under the guidance of

order � { in to a Lamp ort order, hence (	 ; � ) is equiv alen t to a sequen tially consisten t execution.
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The t w o total orders on 	 are mathematically de�ned as:

� � = f < i; j > j i 2 	 ^ j 2 	 ^ ( t

mb

( i ) < t

mb

( j ) _ ( t

mb

( i ) = t

mb

( j ) ^ M em ( i ) � M em ( j ))) g

� � = f < i; j > j i 2 	 ^ j 2 	 ^ ( t

cp

( i ) < t

cp

( j ) _ ( t

cp

( i ) = t

cp

( j ) ^ M em ( i ) � M em ( j ))) g

where M em ( i ) sho ws whic h memory bank the op eration i accesses, assume ev ery memory bank

has a unique ID. Although in a real system t w o op erations with the same t

mb

ma y b e executed

sim ultaneously (b y di�eren t memory banks), forcing an order here neither loses an y gener-

alit y nor in
uences the v alidit y of the pro of and conclusions. F rom Theorem I w e kno w � 6= � .

Our pro of is based on some imp ortan t de�nitions:

De�nition 1: An execution of a parallel program Pr o g at system S is a ( M ; O ) pair, where

M is the m ultiset of op erations executed, and O is an order on M .

De�nition 2: An execution ( M ; O ) is a sequen tially consisten t execution if O is a Lamp ort

order.

De�nition 3: Tw o executions ( M

1

; O

1

) and ( M

2

; O

2

) of a parallel program P r og are equiv-

alen t if:

(1) They ha v e the same set of memory op erations, i.e., M

1

= M

2

1

;

(2) An y memory read op eration in ( M

1

; O

1

) returns the same v alue as ( M

2

; O

2

), and

vice v ersa;

It is ob vious that an execution is equiv alen t to itself.

De�nition 4: A shared-memory system S is sequen tially consisten t complian t if an y ex-

ecution of a program P r og on S is equiv alen t to a sequen tially consisten t execution of

P r og .

Lemma 1: Execution (	 ; � ) is a sequen tially consisten t execution.

Pro of:

1

The need for this condition ma y not b e ob vious. It is needed when there are some reads whose return v alues

determine whether an op eration is executed or not, or what memory address will b e accessed. Let us lo ok at the

follo wing example:

r1 = read x;

if(r1 == 0)

write y = 1;

else

write z = 1;

Here the return v alue of \read x" determines whether then-branc h or else-branc h is executed. If t w o executions

ha v e di�eren t return v alues of \read x",they are not equiv alen t b ecause they ha v e di�eren t exe cution p aths .
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Let i and j b e t w o memory op erations issued from pro cessor P , and i � j , then t

cp

( i ) <

t

cp

( j ). According to the de�nition of � , w e ha v e < i; j > 2 � . Program order is preserv ed in � .

According to De�nition 2 , w e kno w (	 ; � ) is a sequen tially consisten t execution.

Pro of Done.

Readers can think of this pseudo execution (	 ; � ) as executing 	 on a \ideal Lamp ort

mac hine", in whic h op erations are executed one b y one in a sequen tial order. F or eac h op eration

its issuing time is its p erforming time, therefore there is no lifetime o v erlapping b et w een an y

pair of op erations. This case is illuestrated in �gure 3(a). Ho w ev er, in Cyclops, memory

op erations ma y b e out-of-order executed, b ecause of net w ork dela y , for instance; their lifetimes

are o v erlapp ed with eac h other. The order based on their p erforming time is � , whic h is di�eren t

from � .

cycle 1

cycle 2

cycle 3

cycle 4

cycle 5

cycle 6

A

B

C

A

B

C

Machine
CyclopsLamport 

Machine

(a) Di�erence Bet w een

Tw o Orders

C

B

A

C

B

A

B

C

A

B

C

A

c c 1 c 2 c 3

T(c  ,1) T(c  ,1)T(c  ,1) 1 2

(b) Reordering

T ransformation

Figure 3: Illustration of Di�eren t Orders and Reordering T ransformations

In order to pro v e (	 ; � ) and (	 ; � ) are equiv alen t, w e in tro duce a reordering transformation

T . Giv en a total order, sa y � , T ( � ; i ) transforms � in to �

0

b y \p ercolating" the i th op eration

O ( i ) in � up w ard and insert it in a p osition that do not violate the corresp onding ordering

sp eci�ed b y � . W e ha v e dev elop ed a pseudo co de (see App endix I) to describ e this pro cess.

Set �

0

= � and b egin from i = 1, w e apply a sequence of T s on � with increasing v alues of i ,

i.e., �

1

= T ( �

0

; 1) ; �

2

= T ( �

1

; 2) ; : : : ; �

n

= T ( �

n � 1

; n ). Finally w e reac h the order �

n

= � . W e

will pro of that � = �

1

= : : : = �

n

= � (where \=" denotes equiv alence).

Readers will notice that after �

i

= T ( �

i � 1

; i ), the order of the �rst i op erations in �

i

are

consisten t with � , and the rest op erations are ordered in the same w a y as � . Figure 3(b)

giv es a simple example of this series of transformations. W e also assume that the m ulti-set 	

is c hanged to 	

0

due to T . W e will pro of later that 	 = 	

0

.

Lemma 2: Execution (	

0

; �

i

) is equiv alen t to (	 ; �

i � 1

), after the transformation �

i

=

T ( �

i � 1

; i ), whic h reorders O ( i ) in �

i � 1

.

The details of this pro of is sho wn in App endix I I. But brie
y , this pro of is pro ceeded b y

9



con tradiction. W e �rst assume that reordering op eration O ( i ) in �

i � 1

, whic h is either read or

write, will cause at least one read op eration to return di�eren t v alue. Then a con
ict with an

ob vious fact will o ccur.

Lemma 3 (	 ; � ) is equiv alen t to a sequen tially consisten t execution.

Pro of:

Because � = �

1

= �

2

= : : : = �

n � 1

= �

n

= � , then � = � . F rom Lemma 1 , w e kno w (	 ; � )

is a sequen tially consisten t execution. F rom De�nition 3 , w e kno w that (	 ; � ) is equiv alen t

to a sequen tially consisten t execution.

Pro of Done.

Theorem I I: Cyclops is sequen tially consisten t complian t.

Pro of:

Lemma 3 can b e applied to ev ery execution of a parallel program P r og at Cyclops. Ac-

cording to De�nition 4 , Cyclops is sequen tially consisten t complian t.

Pro of Done.

5 Discussion and F uture W ork

5.1 More Ab out Cyclops Arc hitecture

In section 3 w e in tro duce a base Cyclops arc hitecture and then discuss its memory mo del in

section 4. In this section w e presen t the actual Cyclops arc hitecture mo dels with extended

features and sho w they are still sequen tially consisten t complian t.

The extended arc hitecture mo del is sho wn in �gure 4. There are the same n um b er of

pro cessors and memory banks in the system. Compared with the base mo del sho wn in �gure 2,

w e tak e in to accoun t the ac kno wledgmen ts for read op erations, whic h are issued to pro cessors

from memory banks, and are bu�ered b efore en tering the crossbar and corresp onding pro cessors.

Another extension is that eac h pair of pro cessor and memory bank share the same crossbar p ort

in order to utilize the p orts e�cien tly .

Under these extensions, a memory request, either read or write, is �rst issued b y the pro ces-

sor in to bu�er � . F rom there it en ters bu�er � of its destination memory bank after tra v elling

through the crossbar. On the other hand, a read ac kno wledgmen t �rst en ters bu�er � , then

arriv es in bu�er � of its destination pro cessor through the crossbar. A write op eration needs

no ac kno wledgmen t. Therefore, b oth bu�er � and bu�er � are shared b y read/write requests

and read ac kno wledgmen ts.

10



M P

0

M P

95

......

crossbar

buffer

a ab b

Figure 4: Actual Cyclops Arc hitecture Mo del

This arc hitecture still b eha v es lik e sequen tial consistency . Although read ac kno wledgmen ts

share same bu�ers with memory requests, they just cause more dela y but do not c hange the rel-

ativ e p erforming or der of memory requests. Moreo v er, in a system without cac he, an op eration

is glob al ly p erforme d [11 , 12 ] when it has �nished taking action on the memory . In this sense

ho w the pro cessor is ac kno wledged do es not c hange the memory mo del, supp ose unipro cessor

data dep endence and con trol dep endence are preserv ed.

The arc hitecture mo del sho wn in �gure 5 tries to impro v e the system p erformance further b y

grouping the memory op erations in to t w o classes: class 0 and class 1, and pro viding eac h class

with a separate set of bu�ers. The crossbar serv es b oth classes in the manner that whenev er

p ossible, it c ho oses one op eration from the Least Recen t Used (LR U) class to send. Th us w e

call it dual virtual c hannel crossbar. This mo del pro vides more e�cien t net w ork 
o w con trol

mec hanism, and a v oids system deadlo c ks caused b y o v erwhelming net w ork tra�c

2

.

Mem Proc

MP

class-0

class-0

Mem Proc

class-0

class-0

MP

0 95

dual virtual channel crossbar

......

......

......

MP: 2-to-1 Multiplexer

class-1

class-1

class-1

class-1

Figure 5: Cyclops Arc hitecture Mo del with Dual Virtual Channel Crossbar

Ho w to group the memory op erations here determines the t yp e of memory mo del. W e ha v e

three options:

(a). class 0: read request and write request;

class 1: read ac kno wledgmen t;

2

F or example, pro cessor P1 stops and w aits at shared v ariable f l ag . By p olling rep eatedly , it ma y congest

the net w ork. A t the same time, pro cess P2 attempts to c hange the v alue of f l ag thereb y pro cessor P1 can catc h

and con tin ue to w ork, but is stalled b y the net w ork congestion.
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(b). class 0: read request and read ac kno wledgmen t;

class 1: write request;

(c). class 0: read request;

class 1: write request and read ac kno wledgmen t;

Option (a) is in e�ect similar as the mo del sho wn in �gure 4, th us it is sequen tially consisten t.

Option (b) will break the sequen tial consistency in t w o w a ys: break the unipro cessor data

dep endence, and break the in ter-pro cessor sync hronization. F or the former case, consider a

pro cessor issues n read op erations follo w ed b y a write op eration, whic h dep ends on the i th read

op eration, i � n . F or some reason c hannel 0 is congested, so the write op eration is executed

b efore the i th read op eration, unipro cessor data dep endence is brok en. F or the latter case,

consider the follo wing co de piece:

Initially x = flag = 0

P1: P2:

read x; while(flag==0){;}

flag = 1; write x=1;

Supp ose P1's class 0 bu�er is stalled b y previous op erations, then its \read x" op eration

ma y get the v alue written b y P2's w r itex = 1, whic h breaks the sequen tial consistency .

Option (c) has the same problems as option (b), so is not sequen tial consistency either.

5.2 F uture W ork

In presen t Cyclops arc hitecture, there is no explicit sync hronization op eration lik e ac quir e and

r ele ase etc. The exclusiv e access to a memory lo cation is ac hiev ed b y applying spin-lo c ks in user

co de. As one direction of future w ork, w e are considering to add explicit sync hronization op er-

ations in to Cyclops' instruction set, and see ho w w e can tak e adv an tage of Cyclops' sequen tial

consistency to e�cien tly implemen t those sync hronization op erations.

6 Related W ork

Memory consistency mo del is an in tensiv ely studied �eld in parallel computer arc hitecture,

with a large amoun t of researc h w ork published in the literature. Sequen tial consistency w as

�rst de�ned b y Lamp ort [1 , 13 ] for shared-memory m ultipro cessor system with net w ork but no

cac he. Afterw ards, a n um b er of cac he coherence proto cols, whic h ensure sequen tial consistency ,

ha v e b een prop osed for single bus cac he-based systems [14 , 15 , 16 , 17]. Sc heuric h and Dub ois

prop osed a su�cien t condition for sequen tial consistency at a cac he-based system [11 , 12].

Shasha and Snir also prop osed a soft w are algorithm to ensure sequen tial consistency [18 ].

12



Besides, a lot of researc h w ork w ere conducted to relax the strong condition of sequen tial

consistency to allo w more p erformance optimization. They include pro cessor consistency [19 ],

w eak consistency [20 ], release consistency [10 ], etc. All of the ab o v e discuss the memory mo del

from the system p oin t of view. Adv e prop osed t w o memory mo dels from the programmer's

p oin t of view [21 , 22], and stated that if soft w are ob eys the sync hronization mo del de�ned b y

the memory mo del, then the hardw are app ears sequen tially consisten t. Some researc hers try to

�nd the we akest memory mo del [23 , 24 , 25 ]. Gao and Sark ar prop osed the lo cation consistency

mo del (LC) and a cac he coherence proto col in 2000 [26 ], whic h do es not rely on the memory

coherence assumption.

A t the con tex of memory consistency mo del pro of, Lamp ort prop osed a metho d based on

logical clo c k and time [27 ]. Based on Lamp ort's w ork, Plak al prop osed a reasoning tec hnique

to v erify a directory cac he coherence proto col [28 , 29 ].

7 Conclusions

In this pap er w e sp ecify the memory mo del of Cyclops m ultipro cessor-on-a-c hip arc hitecture

(kno wn as BG/C). W e �rst c hec k Lamp ort's t w o requiremen ts for a dance-hall arc hitecture

to b e sequen tially consisten t. W e �nd that Lamp ort's t w o requiremen ts R1 and R2 need to

b e carefully elab orated when w e tak e in to accoun t the net w ork dela y . Then w e prop osed the

revised requiremen t { R2-re�ned. W e informally pro v e that the base Cyclops arc hitecture, whic h

satis�es b oth R1 and R2-re�ned conditions, ob eys sequen tial consistency . W e also discuss the

real Cyclops arc hitecture and sho w it is also sequen tially consisten t complian t.

8 Ac kno wledgmen ts

W e w ould lik e to ac kno wledge Mon t y Denneau and Henry S. W arren from IBM T.J. W atson

Researc h Cen ter for their suggestions on this topic and the man y comm unications without

whic h the progress of this researc h w ould not b e p ossible. W e also thank useful discussions from

mem b ers of the CAPSL group at the Univ ersit y of Dela w are, in particular Hongb o Rong, Juan

del Cuvillo and Andres Marquez. Finally , the last author wish to ac kno wledge the supp ort in

part b y NSF, under the NGS gran t 0103723, DOE, under gran t n um b er DE-F C02-01ER25503,

D ARP A, under the HPCS program, and other funding agencies.

References

[1] Leslie Lamp ort. Ho w to mak e a m ultipro cessor computer that correctly executes m ulti-

pro cess programs. IEEE T r ansactions on Computers , 28(9):690{691, Septem b er 1979.

[2] Henry S. W arren. P ersonal comm unication, F ebruary 2004.

13



[3] Mon t y Denneau. P ersonal comm unication, F ebruary 2004.

[4] Jaswinder P al Singh Da vid E. Culler and Ano op Gupta. Par al lel Computer A r chite ctur e,

a Har dwar e/Softwar e Appr o ach . Morgan Kaufmann, 1998.

[5] George S. Almasi, C� alin Ca � sca v al, Jos � e G. Casta ~ nos, Mon t y Denneau, Wilm Donath, Maria

Eleftheriou, Mark Giampapa, Ho w ard Ho, Derek Lieb er, Jos � e E. Moreira, Dennis Newns,

Marc Snir, and Henry S. W arren, Jr. Demonstrating the scalabilit y of a molecular dynam-

ics application on a p eta
ops computer. International Journal of Par al lel Pr o gr amming ,

30(4):317{351, August 2002.

[6] George S. Almasi, Daniel K. Beece, Ralph Bellofatto, Gy an Bhanot, and EtAl. Blue

gene/l, a system-on-a-c hip. In 2002 IEEE International Confer enc e on Cluster Computing

(CLUSTER 2002) , Chicago, IL, U.S.A, 2002. IEEE Computer So ciet y .

[7] Calin Casca v al, Jos G. Castaos, Luis Ceze, Mon t y Denneau, Manish Gupta, Derek Lieb er,

Jos E. Moreira, Karin Strauss, and Henry S. W arren Jr. Ev aluation of a m ultithreaded

arc hitecture for cellular computing. In Pr o c e e dings of the Eighth International Symp osium

on High-Performanc e Computer A r chite ctur e (HPCA'02) , Boston, Massac h usettes, USA,

2002.

[8] Hirofumi Sak ane, Lev en t Y ak a y , Vishal Karna, Clemen t Leung, and Guang R. Gao. Dimes:

An iterativ e em ulation platform for m ultipro cessor-system-on-c hip designs. In IEEE In-

ternational Confer enc e on Field-Pr o gr ammable T e chnolo gy (FPT'03) , T oky o, Japan, 2003.

[9] Stev en J. V aughan-Nic hols. V endors go to extreme lengths for new c hips. Computer , pages

18{20, Jan 2004.

[10] Kourosh Gharac horlo o, Daniel Lenoski, James Laudon, Phillip Gibb ons, Ano op Gupta,

and John Hennessy . Memory consistency and ev en t ordering in scalable shared-memory

m ultipro cessors. In Pr o c e e dings of the 17th A nnual International Symp osium on Computer

A r chite ctur e [30 ], pages 15{26.

[11] Christoph Sc heuric h and Mic hel Dub ois. Correct memory op eration of cac he-based m ul-

tipro cessors. In Pr o c e e dings of the 14th A nnual International Symp osium on Computer

A r chite ctur e , pages 234{243, Pittsburgh, P ennsylv ania, June 1987.

[12] C. E. Sc heuric h. A c c ess Or dering and Coher enc e in Shar e d Memory Multipr o c essors . PhD

thesis, Univ ersit y of Southern California, 1989.

[13] Leslie Lamp ort. Pro ving the correctness of m ultipro cess programs. IEEE T r ansactions on

Softwar e Engine ering , 3(2):125{143, 1977.

[14] James Arc hibald and Jean-Loup Baer. An economical solution to the cac he coherence prob-

lem. In Pr o c e e dings of the 11th A nnual International Symp osium on Computer A r chite ctur e

[31 ], pages 355{362.

14



[15] Larry Rudolph and Zary Segall. Dynamic decen tralized cac he sc hemes for MIMD parallel

pro cessors. In Pr o c e e dings of the 11th A nnual International Symp osium on Computer

A r chite ctur e [31 ], pages 340{347.

[16] W. C. Bran tley , K. P . McAuli�e, and J. W eiss. RP3 pro cessor-memory elemen t. In

Pr o c e e dings of the 1985 International Confer enc e on Par al lel Pr o c essing [32 ], pages 782{

789.

[17] G. F. P�ster, W. C. Bran tley , D. A. George, S. L. Harv ey , W. J. Kleinfelder, K. P .

McAuli�e, E. A. Melton, V. A. Norton, and J. W eiss. The IBM Researc h P arallel Pro cessor

Protot yp e (RP3): In tro duction and arc hitecture. In Pr o c e e dings of the 1985 International

Confer enc e on Par al lel Pr o c essing , pages 764{771.

[18] Dennis Shasha and Marc Snir. E�cien t and correct execution of parallel programs that

share memory. A CM TOPLAS , 10(2):282{312, April 1988.

[19] J. R. Go o dman. Cac he consistency and sequen tial consistency . T ec hnical Rep ort 1006,

Departmen t of Computer Science, Univ ersit y of Wisconsin, Madison, F ebruary 1991.

[20] Mic hel Dub ois, Christoph Sc heuric h, and F a y e Briggs. Memory access bu�ering in m ul-

tipro cessors. In Pr o c e e dings of the 13th A nnual International Symp osium on Computer

A r chite ctur e , pages 434{442, T oky o, Japan, June 1986.

[21] Sarita V. Adv e and Mark D. Hill. W eak ordering|a new de�nition. In Pr o c e e dings of the

17th A nnual International Symp osium on Computer A r chite ctur e [30 ], pages 2{14.

[22] Sarita V. Adv e and Mark D. Hill. A uni�ed formalization of four shared-memory mo dels.

IEEE T r ansactions on Par al lel and Distribute d Systems , pages 613{624, June 1993.

[23] R. D. Blumofe, M. F rigo, C. F. Jo erg, C. E. Leiserson, and K. H. Randall. Dag-consisten t

distributed shared memory . In Pr o c. 10th Int. Par al lel Pr o c essing Symp. (IPPS'96) CD-

R OM , Honolulu, HA, April 1996. IEEE.

[24] Rob ert D. Blumofe, Matteo F rigo, Christopher F. Jo erg, Charles E. Leiserson, and Keith H.

Randall. An analysis of dag-consisten t distributed shared-memory algorithms. In Pr o c e e d-

ings of the 8th A nnual A CM Symp osium on Par al lel A lgorithms and A r chite ctur es , pages

297{308, P adua, Italy , June 1996.

[25] M. F rigo. The w eak est reasonable memory mo del. Master's thesis, Departmen t of Electrical

Engineering and Computer Science, MIT, 1998.

[26] Guang R. Gao and Viv ek Sark ar. Lo cation consistency - a new memory mo del and cac he

consistency proto col. IEEE T r ans. on Computers , 49(8):798{813, August 2000.

[27] Leslie Lamp ort. Time, clo c ks, and the ordering of ev en ts in a distributed system. Com-

munic ations of the A CM , 21(7):558{565, July 1978.

15



[28] Anne Condon, Mark D. Hill, Mano j Plak al, and Daniel J. Sorin. Using lamp ort clo c ks to

reason ab out relaxed memory mo dels. In Pr o c e e dings of the Fifth International Symp osium

on High-Performanc e Computer A r chite ctur e (HPCA1999) , pages 270{278, Orlando, FL,

USA, Jan uary 1999.

[29] Mano j Plak al, Daniel J. Sorin, Anne Condon, and Mark D. Hill. Lamp ort clo c ks: V erifying

a directory cac he-coherence proto col. In Pr o c e e dings of the T enth A nnual A CM Symp osium

on Par al lel A lgorithms and A r chite ctur es (SP AA98) , pages 67{76, Puerto V allarta, Mexico,

June 1998.

[30] Pr o c e e dings of the 17th A nnual International Symp osium on Computer A r chite ctur e , Seat-

tle, W ashington, Ma y 1990.

[31] Pr o c e e dings of the 11th A nnual International Symp osium on Computer A r chite ctur e , Ann

Arb or, Mic higan, June 1984.

[32] Pr o c e e dings of the 1985 International Confer enc e on Par al lel Pr o c essing , St. Charles, Illi-

nois, August 1985.

16



App endix I

Algorithm 1. Reordering T ransformation �

0

= T ( � ; i )

input: � { total order; i { p osition of the op eration b eing reordered

output: �

0

{ new total order

BEGIN

new pos  1

/* �nd the p osition ( new pos ) where the O

�

( i ) should go in �

0

*/

while ( new pos < i ) do

if ( t

cp

( O

�

( i )) < t

cp

( O

�

( new pos )) _ ( t

cp

( O

�

( i )) = t

cp

( O

�

( new pos )) ^

M em ( O

�

( i )) � M em ( O

�

( new pos ))))

break;

else new pos  new pos + 1

end while

/* the �rst newp os-1 op erations are k ept unc hanged, cop y them to �

0

*/

for j  1 to new pos � 1 do

O

�

0

( j ) = O

�

( j )

end for

O

�

0

( new pos ) = O

�

( i ) /*mo v e the i th op eration in � to b e the ( new pos )th

op eration in �

0

*/

j  j + 1

/* for all op erations b et w een O

�

( i ) and O

�

( new pos ), mo v e them one op eration

b ehind, b ecause w e ha v e inserted O

�

( i ) at new pos */

for j to i do

O

�

0

( j ) = O

�

( j � 1)

end for

/* cop y all op erations after O

�

( i ) in � in to �

0

*/

for j to n do

O

�

0

( j ) = O

�

( j )

end for

END

App endix I I

Lemma 2: Execution (	

0

; �

i

) is equiv alen t to (	 ; �

i � 1

), after the transformation �

i

=

T ( �

i � 1

; i ), whic h reorders O ( i ) in �

i � 1

.

Pro of:

let's �rst c hec k the second condition in De�nition 3 { all read op erations in �

i

return the

same results as in �

i � 1

. Supp ose the i th op eration O ( i ) in �

i � 1

is mo v ed bac kw ard to p osition
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j in �

i

, 0 < j � i . W e consider t w o cases:

Case #1: O ( i ) is a read op eration;

Case #2: O ( i ) is a write op eration;

Case #1 is pro v ed b y con tradiction. W e assume that O ( i ) reads a di�eren t v alue after it is

reordered. Supp ose in �

i � 1

, O ( i ) returns the v alue written b y a write op eration O ( k ), as sho wn

in �gure 6, then k < i . It means:

t

mb

( O ( k )) < t

mb

( O ( i )) _ ( t

mb

( O ( k )) = t

mb

( O ( i )) ^ M em ( O ( k )) � M em ( O ( i )))

Since O ( k ) and O ( i ) access the same memory bank, O ( k ) m ust arriv e earlier than O ( i ) at the

memory bank, w e ha v e:

t

mb

( O ( k )) < t

mb

( O ( i )) (1)

And only when O ( i ) is mo v ed b efore O ( k ) in �

i

can O ( i )'s v alue b e c hanged. \ O ( i ) is mo v ed

b efore O ( k )" means:

t

cp

( O ( i )) < t

cp

( O ( k )) _ ( t

cp

( O ( i )) = t

cp

( O ( k )) ^ M em ( O ( i )) � M em ( O ( k )))

that is,

t

cp

( O ( i )) < t

cp

( O ( k ))

t

cp

( O ( i )) + C = t

cm

( O ( i )) < t

cp

( O ( k )) + C = t

cm

( O ( k ))

Because eac h memory bank has a single p oin t t

cm

( O ( i )) < t

cm

( O ( k )) is equiv alen t to

t

mb

( O ( i )) < t

mb

( O ( k )) (2)

But, (1) and (2) are in con
ict, a con tradiction. Th us O ( i ) still returns the same result. Note

other read op erations' v alues cannot b e c hanged b y reordering O ( i ), all read op erations return

the same v alues b efore and after the reordering.

write x

...
...

...
...

......

......

...
...

write x

j-1: 

j:

...
...

i-1: ......

i:

k: 

read x

...
...

c i-1

read

move

write x

...
...

j-1: ......

j: read x

j+1: ......

...
...

k+1: write x

...
...

i: ......

...
...

c i

read

Figure 6: Case #1
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F or Case #2, O ( i ) is a write. Again, pro of pro ceeds b y con tradiction. W e consider t w o

sub-cases b elo w.

Sub-Case #1: Assuming that there is a read O ( q ) later than O ( i ) ( q > i ) in �

i � 1

that will

read a di�eren t v alue after the reordering. It implies the existence of a write O ( p ), i > p � j , as

sho wn in �gure 7(a), and that O ( q ) reads the v alue written b y O ( p ) (other than O ( i )) after the

reordering. By reordering O ( i ) to p osition j in �

i

, O ( i )'s v alue will b e killed b y O ( p ) and then

O ( q ) returns O ( p )'s v alue, instead of O ( i ). The pro of of a con tradiction can follo w a similar

argumen t as in Case #1 b y comparing t

mb

and t

cp

of O ( p ) and O ( i ).

Sub-Case #2: Assuming that there is a read O ( q ) earlier than O ( i ) ( q < i ) in �

i � 1

that

will read a di�eren t v alue after the reordering. It implies that on �

i � 1

, there is a write O ( p ),

p < j and j � q < i , as sho wn in �gure 7(b), and O ( q ) returns the v alue written b y O ( p ). By

reordering O ( i ) to p osition j in �

i

, O ( i ) will kill O ( p ) so that O ( q ) will return O ( i )'s v alue.

Again and similarly , this can generate the con tradiction.

...
...

c i-1

read

c i

j-1: ......
......

...
...

write xp: 

...
...

i-1: ......
i: write x

...
...

read xq: 

...
...

move

...
...

j-1: ......
j: j: write x

j+1: ......

write x

...
...

...
...

i: ......

...
...

read x

...
...

q: 

p+1: 

read

(a) Case #2 - Sub case #1

...
...

c i-1 c i

...
...

...
...

write xp: 

...
...

......j-1: 
j: ......

...
...

read xq: 

...
...

i-1: ......

i:

...
...

write x

read

write xp: 

...
...

j-1: ......

j: write x
......j+1: 

read x

...
...

......i:

...
...

q+1: 

read

(b) Case #2 - Sub case #2

Figure 7: Case #2

No w w e can dra w the conclusion that in �

i

all reads return the same v alues as in �

i � 1

.

No w let us lo ok at the condition 1 in De�nition 3 . Because all reads on the �rst i op erations

in �

i

return the same v alues as in �

i � 1

, an y if the branc h after i op erations whic h dep ends on the

read v alues in the �rst i op erations will ha v e the same execution path in �

i � 1

. This guaran tees

that �

i

and �

i � 1

execute the same op erations, i.e., 	

0

= 	.

Therefore b oth conditions in De�nition 3 are satis�ed, th us (	

0

; �

i

) is equiv alen t to (	 ; �

i � 1

).

Pro of Done.
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