90 Pro c. of FGCS ’94, ICOT, T oky o, Decemb er 1994

Distributed P o ol and its Implemen tation

Masaki SA

TO Masahiko Y AMA UCHI T ak ashi CHIKA Y AMA

masaki@icot.or.jp y amauc hi@icot.or.jp chik a y ama@icot.or.jp

Institute for New Generation Computer T ec hnology

4-28, Mita 1-c home, Minato-ku, T oky o 108, Japan

Abstract

PIMOS, an op erating system for the parallel inference

mac hine PIM, provides a utility

, called p o ol , that man-

ages tables of arbitrary KL1 data. This p o ol stores any

KL1 data and enables it to b e extracted and/or refer-

enced when needed according to a search key

. This p o ol

is used with many application programs, reducing the

cost of program dev elopmen t.

Ho w ev er, its p erformance is not satisfactory for highly

parallel applications, b ecause stored data is lo cated in

the memory of the no de where the p o ol was initially

created. When its data is accessed from another no de,

the ensuing data transfer increases netw ork tra�c, and

sim ultaneous access causes centralization of the comput-

ing load. T o o v ercome this problem, we hav e develop ed a

distributed p o ol. The p o ol is distributed to many no des

and, if a pro cess accesses data existing in another no de,

the p o ol caches data in its no de. It provides the same

functionalit y as the original p o ol b y maintaining cache

coherence. This pap er describ es the mechanism of this

distributed p o ol.

1 In tro duction

PIMOS [Chik a y ama 1988], the op erating system of

the parallel inference machine PIM [Goto 1989], pro-

vides a comfortable softw are environmen t for program-

ming in concurrent logic programming language KL1

[Ueda 1990].

PIMOS provides a utility named p o ol. P o ol provides

basic in-memory database features, where arbitrary KL1

data are temp orarily stored when a program is run, with

the necessary data b eing extracted and referenced ac-

cording to a searc h key

. The p o ol feature has b een ex-

tensiv ely used by most exp erimen tal parallel application

soft w are systems running on PIM. It has b een quite ef-

fectiv e in reducing the programming e�ort required of

application programmers.

Ho w ev er, for applications that pro cess a large amounts

of data, managing all the data as a unit, p o ol has p er-

formed p o orly

. Irresp ective of the pro cessing no de ac-

cessing data, they are lo cated in the memory of the no de where the p o ol w as initially created. They are

then copied b etw een no des, thus increasing the amount

of netw ork tra�c. As the PIM has a distributed memory

architecture, suc h centralization of data results in longer

latency for data access and a concentration of communi-

cation load on sp eci�c pro cessing no des.

There are t w o other problems. The �rst is in the na-

ture of the distributed implementation [Rokusaw a 1994]

of KLIC [Chik a y ama 1994], for many computers con-

nected through a net w ork. In the current implementa-

tion, since interpro cessor communication is handled by

the op erating system, communication cost are very high,

making the situation more serious.

The second is that when a program using a large

amount of data and centralized data management is exe-

cuted, the problem size is restricted by the memory limi-

tations of one no de. This problem was encoun tered when

running MGTP [Hasega w a 1992] where eac h no de con-

tains the same data.

Given this situation, we hav e develop ed a new imple-

mentation of the feature where data are distributed to

many pro cessing no des.

Two metho ds of data distribution may b e used.

1. Management of Distributed Data Using Hashing

In this metho d, data is assigned a key such that the

data is distributed according to the hash v alue of

its search key

. While the load concentration can b e

relieved, the communication frequency and quantit y

can not b e decreased.

2. Management of Distributed Data Using Cac hes

In this metho d, data is managed by k eeping a cop y

of the data made wherever that data is to b e used.

The load concen tration can b e reliev ed and the com-

munication frequency and quan tit y can also b e min-

imized. How ev er, delicate management of consis-

tency b et w een the copies is required.

W e used the latter metho d with softw are caching for

an e�cient distributed p o ol. The conten ts of a p o ol are

cached on each no de to reduce the cost of access on each

no de. This distributes memory consumption to many

pro cessing no des, making the maximum capacity of the p o ol muc h larger. Section 2 gives an ov erview of the

distributed p o ol. Section 3 describ es the implementation

in detail. Section 4 presents an ev aluation of our cac he

proto col.

2 Ov erview of Distributed P o ol

2.1 Cac he Proto col

Our caching mechanism is similar to that of the coheren t

cac he memory systems of shared-memory multipro cessor

systems [Archibald 1986]. How ev er, some subtle di�er-

ences exist b etw een the systems. The main features of

our cac he proto col are as follo ws.

1. Asynchronous Communication

A shared-memory multipro cessor system uses a sin-

gle serialization p oint as its shared bus, allowing

memory transactions to b e kept in order

1

. On the

other hand, in general, communication b etw een KL1

pro cesses is asynchronous. The implementation of

a shared bus as a pro cess can keep messages in

order, but it p erforms p o orly from the viewp oint

of throughput and prev en ts natural concurrency .

Therefore, we de�ne temp orary states b etw een send-

ing a message and receiving a reply . W e hav e to de-

sign a state transition scheme containing temp orary

states. In this p oint, our system is similar to the

D ASH [Lenoski 1990] directory-based cache coher-

ence proto col.

2. Nonexistent Back Storage

In a distributed p o ol, a cache is not used for small

and fast lo cal bu�ers that mediate fast pro cessors

from slow main memory as do es hardw are cache

memory

. It is used for caching data, which may

b e created in the memory of another no de, on its

o wn no de according to demand for quic k er data ac-

cess, not through the slow net w ork, on the second

access. Therefore, the storage structure do es not

ha v e back storage lik e main memory; instead a dis-

tributed cac he on eac h no de constitutes whole stor-

age like in cache only memory architectures(COMA)

[Hagersten 1991]. In the even t of a cache miss, it is

necessary for another cache to supply data instead

of back storage. If some caches hav e the same data,

the data in only one of these is set as an owner and

a cache that has owned data resp onds to a require-

men t for data from another cache. When a user tries

to store an amount of data exceeding user-de�ned

cac he capacity

, data has to b e remov ed from the

cac he to reclaim memory space. Data, except for

1

The weak consistency mo del used on split bus implementations

is not acceptable for ease of programming in our case.

owned data, has to b e selected for replacement b e-

cause at least one of the data with the same key

must b e left in some cache.

3. User Message Interfaces

Besides messages enabling easy handling or stor-

ing data, we hav e a v ariet y of w a ys to access data

stored in the p o ol. F or example, some messages re-

place data only when data with the same key exists.

Others place new data regardless of whether or not

data with the same key exists. This complicates our

cache coherent mechanism further.

4. Cache Line

In hardware cache memory systems, selection of the

cache line size is one of the cen tral design issues.

Cache memories are accessed using data addresses

as keys and data with adjacent addresses are likely

to b e accessed in a short p erio d of time. Thus, we

can create a prefetc hing e�ect by making the cache

line size greater than one. On the other hand, data

in p o ols are accessed by keys arbitrarily chosen by

the user: integer, atom, string or structured data.

In general, w e cannot exp ect any access lo calities

asso ciated with similarities of keys. Th us, we made

the cache line size to b e one; that is, we abandoned

the idea of grouping data with similar keys.

5. W rite-In v alidate Typ e Cache Consistency

There are t w o wa ys to k eep the cac he consistency:

write-inv alidate and write-up date. Our coherent

proto col intro duces the write-inv alidate typ e to de-

crease the amount of data sharing as in most coher-

ent cache memory systems.

2.2 Comp onen ts of Distributed P o ol

Figure 1 sho ws t w o principal kinds of pro cesses that con-

stitute a distributed p o ol.

Figure 1: Pro cess Constitution

92

� Cache Pro cesses

Cac he pro cesses keep data in a hash table and man-

age their four p ermanent states and seven temp o-

rary states. The p ermanent states are classi�ed ac-

cording to exclusivity and the resp onsibility for data

supply

. The temp orary states take care of crossed

messages.

� Directory Pro cesses

Directory pro cesses k eep no data but manage cached

data lo cations with lists of caching no des. Suc h a list

is called a c ache list . The head elemen t of a cac he

list shows the o wner. The owner is resp onsible for

pro viding data for cac he misses, and is not selected

for replacement. According to the cache list, di-

rectory pro cesses transfer messages b etw een caches.

The directory pro cesses ha v e tw o p ermanent states

classi�ed according to the state of data v alidit y , and

six temp orary states. T o a v oid access centralization,

directory pro cesses are lo cated in each no de unless

otherwise designated. The managed set of data is

decided according to searc h keys.

2.3 Information Lo cated in a Cac he

The currently av ailable KL1 implemen tations employ

lazy data transfer p olicies. The actual data is not mo v ed

only by moving p ointers. Th us, we cannot b e sure where

the data exists. In fact, a cache may not keep real data,

only a p ointer. Nevertheless, managing the p ointer lo ca-

tions can b e e�ective b ecause a user pro cess that obtains

a p oin ter from a p o ol usually reads this data that causes

data migration.

3 Implemen tation

3.1 User In terfaces

Principal messages to p o ols for users are as follows.

carb on copy(Key

, O) : copies an element.

put(Key

, X, Status) : adds an element.

get if any and put(Key

, X, Y) : extracts an element,

if any

, and then stores a new element with the same key .

get and put if an y(Key

, X, Y, Y1) : extracts an el-

emen t, if any

, and then stores a new element with the

same key

. If there is no corresp onding element, the new

data is not stored in the p o ol either.

get if any(Key

, X) : extracts an element, if any

, with

the giv en key .

get all(Key

, O) : extracts all the elements with the key .

remo v e(Key

, Status) : deletes an elemen t.

3.2 Cac he States

Cached data can take one of the following states.

Inv alid(I) : the cache do es not contain this data.

Exclusive(E) : no other cache con tains this data.

Shared-Owned(SO) : other caches p ossibly contain

this data, but this cache is resp onsible for supplying the

data and contin ues to keep it.

Shared-Unowned(SU) : at least one other cache con-

tains this data and this cac he do es not take any resp on-

sibility for keeping it.

W aiting-Exclusion(WE) : the cache contains this

data and is waiting for inv alidation of the same data

on all other caches, after which it enters the E state.

W aiting-Exclusion-If-an y(WEI) : the cache contains

this data and is waiting for inv alidation of the same data

on all other caches, after which it enters the E state.

If the data is in v alidated, b ecause of crossed messsages,

and no directory sends back the data, later it enters the

I state.

W aiting-Shared-Data(WSD) : the cache do es not

contain this data and is waiting for the data to b e trans-

ferred. If other caches contain this data, it will b e shared

after the data arrives.

W aiting-Purge(WP) : the cache contains this data

and is waiting for inv alidation of the same data on all

other caches, after which it enters the I state.

W aiting-Exclusion-without-Data(WED)

: the cache do es not contain this data and is waiting

for inv alidation of the same data on all other caches, af-

ter which it enters the E state.

W aiting-Exclusion-If-an y-without-Data(WEID) :

the cache do es not contain this data and is waiting for

inv alidation of the same data on all other caches, after

which it enters the E state. If no directory sends back

the data, later it enters the I state.

W aiting-Purge-without-Data(WPD) : the cache

do es not contain this data and is w aiting for inv alida-

tion of the same data on all other caches, after which it

enters the I state.

3.3 Directory States

The directory manages tw o p ermanent and six temp o-

rary data states.

Inv alid(I) : no cache con tains this data.

V alid(V) : some caches con tain this data.

W aiting-Data(WD) : waiting for the data to b e sen t

from a cache.

W aiting-Exclusiv e-Data(WED) : waiting for the

data for exclusive access. Later it enters the V state.

W aiting-Exclusiv e-Data-If-an y(WEDI) : waiting

for the data for exclusive access. If no cache sends back

the data, b ecause of crossed messages, later it en ters the

93

I state.

W aiting-Exclusion(WE) : waiting for exclusive access

to the data. Later it enters the V state.

W aiting-Remo v ed-Data(WRD) : waiting for the

data and requires exclusive access to it. Later it enters

the I state.

W aiting-Purge(WP) : w aiting for exclusive access to

the data. Later it enters the I state.

3.4 Net w ork T ransactions

Net w ork transactions can b e divided in to �v e groups:

requests from a cac he to a directory

, requests from a

directory to a cache, replies from a cache to a directory ,

replies from a directory to a cache, and rep ort from a

cac he to a directory

. Requests from a cache to a directory

can b e further classi�ed dep ending on needs of exclusive

access. Netw ork transactions are as follows.

1. Requests from a Cache to a Directory

(1) Not Requiring Exclusiv e Access

get shared data

(2) Requiring Exclusiv e Access

(a) Requiring Data

get exclusiv e data : to go to the E state

get exclusiv e data if any : to go to the E

or I state

get remo v ed data : to go to the I state

(b) Not Requiring Data

i. Already Keeping it

exclude : to go to the E state

exclude if any : to go to the E or I state

purge others : to go to the I state

ii. Not Needing it

purge and exclude : to go to the E state

purge all : to go to the I state

2. Requests from a Directory to a Cache

send data

send data and inv alidate

in v alidate

3. Replies from a Cache to a Directory

data

purged

4. Replies from a Directory to a Cache

data found

no data found

exclusion made

5. Rep ort from a Cache to a Directory

purged

3.5 State T ransition

T able 1 shows cache state transition by user messages,

and table 2 shows cache state transition b y requests and

replies from directories.

3.6 Coherence Proto col

This section explains the coherence proto col.

3.6.1 Usual Beha vior

1. Copy Requests

When a cache receives a copy request (c arb on c opy

message) for data in an Exclusiv e state, a Shared-

Owned state, or a Shared-Unowned state, the data

is simply copied without a netw ork transaction and

the cache stays in the same state.

In an Inv alid state

2

, as shown in �gure 2, the cache

sends a get shar e d data message to a directory and

changes its state to W aiting-Shared-Data. W e call

the cache that sends a request message to a direc-

tory the r e questing c ache . The directory chec ks

the cache list and issues a send data message to the

owning cache. The o wning cache returns the p ointer

to the data with a data message, and changes

its state to Shared-Unowned. The directory sends

the p ointer from the owning cache to the request-

ing cache with a data found message, and registers

the requesting cache in the cache list as the o wning

cache. The requesting cache returns the p ointer to

the user, and changes its state to Shared-Owned. If

no other cache has the data then a no data found

message is sent from the directory

, which changes

the cache state to Inv alid.

Figure 2: State T ransition Diagram for Receiving a c ar-

b on c opy Message

2

In fact, in the Inv alid state, there is no data in the cache. This

state is termed Inv alid from a logical viewp oint.

94

T able 1: Cache State T ransition by User Messages

Messages carb on copy put get if any and put get and put if any get if any remove

get all

States

1.I get shared data/WSD purge and exclude/WED get exclusive data/WED get exclusive data if any/WEID get remov ed data/WPD purge all/WPD

2.E -/E -/E -/E -/E -/I -/I

3.SO -/SO purge and exclude/WE exclude/WE exclude if any/WEI purge others/WP purge all/WP

4.SU -/SU purge and exclude/WE exclude/WE exclude if any/WEI purge others/WP purge all/WP

5.WE {>queue {>queue {>queue {>queue {>queue {>queue

6.WEI {>queue {>queue {>queue {>queue {>queue {>queue

7.WSD {>queue {>queue {>queue {>queue {>queue {>queue

8.WP {>queue {>queue {>queue {>queue {>queue {>queue

9.WED {>queue {>queue {>queue {>queue {>queue {>queue

10.WEID {>queue {>queue {>queue {>queue {>queue {>queue

11.WPD {>queue {>queue {>queue {>queue {>queue {>queue

notations: 1.request message to a directory/next state

2.{>queue : this message is queueing

2. Copy-and-Up date Requests

When a cache receives a copy-and-up date request

(get if any and put message) for data in an Exclu-

siv e state, it returns the old data to the user, stores

the new data and stays in the same state without

sending a message to a directory .

As �gure 3 shows, in an Inv alid state, the cache

sends a get exclusive data message to a directory ,

and changes its state to W aiting-Exclusion-without-

Data. The directory c hec ks the cache list, sends

a send data and invalidate message to the o wn-

ing cac he and sends invalidate messages to the

other caches in the list. The owning cache returns

the p ointer to the data with a data message, and

c hanges its state to In v alid. The other caches send

pur ge d messages and change their state to Inv alid.

The directory

, after receiving all the replies, sends a

data found message to the requesting cache, and up-

dates the cache list to contain the requesting cache

only

. The requesting cache returns the p oin ter to

the user, stores the new data and changes its state

to Exclusive. As �gure 4 sho ws, if no other cache

has the data, then a no data found message is sen t

from the directory

, and the cache stores the new

data and c hanges its state to Exclusiv e.

As �gure 5 shows, in a Shared-Owned state or a

Shared-Uno wned state, the cache sends an exclude

message to a directory

, and changes its state to

W aiting-Exclude. The directory sends invalidate

Figure 3: State T ransition Diagram for Receiving a get

if any and put message(1)

messages to caches that hav e a cop y of the data.

After receiving the replies from all the caches, it

sends an exclusion made message to the requesting

cache. The requesting cache returns the p ointer to

the user, stores the new data and changes its state

to Exclusive.

3. Extract Requests

When a cac he receives an extract request (get if any

message) for data in an Exclusive state, it sends a

pur ge d message to a directory

, returns the extracted

data and changes its state to Inv alid.

As �gure 6 sho ws, in an Inv alid state, the cac he

sends a get r emove d data message to a directory ,

95

T able 2: Cache State T ransition by Requests and Replies from Directories

Messages data found exclusion made no data found send data send data and inv alidate inv alidate

States

1.I error error error ignore ignore ignore

2.E error error error data/SU data/I purged/I

3.SO error error error data/SU data/I purged/I

4.SU error error error error error purged/I

5.WE -/E -/E -/E data/WE data/WE purged/WE

6.WEI -/E -/E -/I data/WE data/WE purged/WE

7.WSD -/SO error -/I ignore ignore ignore

8.WP -/I -/I -/I data/WP data/WP data/WP

9.WED -/E -/E -/E ignore ignore ignore

10.WEID -/E -/E -/I ignore ignore ignore

11.WPD -/I -/I -/I ignore ignore ignore

notation: reply message to a directory/next state

Figure 4: State T ransition Diagram for Receiving a get

if any and put Message(2)

and c hanges its state to W aiting-Purge-without-

Data. The directory c hec ks the cache list, sends

a send data and invalidate message to the o wning

cac he and sends invalidate messages to the other

cac hes. The owning cac he returns the p ointer to

the data with a data message, and changes its state

to Inv alid. The other caches return pur ge d mes-

sages, and change their states to Inv alid. After re-

ceiving all the replies from the caches, the directory

sends a data found message to the requesting cache.

The requesting cache returns the p ointer to the user,

and c hanges its state to Inv alid. As �gure 7 shows,

if no other cac he has the data, then the directory

sends a no data found message to the requesting

cac he which in turn returns nil data to the user and

c hanges its state to Inv alid.

As �gure 8 shows, in a Shared-Owned state or a

Shared-Uno wned state, the cache sends a pur ge

others message to a directory

, and changes its state

to W aiting-Purge. The directory sends invalidate

messages to all of the caches that hav e a copy of

the data except the requesting cac he. After receiv-

ing the replies from all the caches, it sends an ex-

clusion made message to the requesting cache. The

Figure 5: State T ransition Diagram for Receiving a get

if any and put Message(3)

requesting cache returns the p ointer to the user, and

changes its state to Inv alid.

3.6.2 Crossed Message Beha vior

(1) Usually a cache in an Inv alid state do esn’t re-

ceive requests from a directory

, b ecause a directory

only sends request messages to caches that are regis-

tered in the cache list. How ev er, when messages get

crossed, a cache in an Inv alid state receives a request

message from a directory

. This happ ens b ecause a

pur ge d message, that is, a rep ort message from a

cache, is issued indep endent of directory b ehavior.

In this case, the cache which issued the rep ort mes-

sage changes its state to In v alid without con�rming

that the cache list in the directory has b een up-

dated. When a cache in an Inv alid state receives

a request message from a directory

, it do esn’t need

to send a reply message to the directory b ecause

it already sen t a purged message to the directory .

The directory recognizes the rep ort message from

the cache as the reply message to the request mes-

96

Figure 6: State T ransition Diagram for Receiving a get

if any Message(1)

Figure 7: State T ransition Diagram for Receiving a get

if any Message(2)

sage to the cache. Figure 9 shows an example of this

case. Cac he B in the Inv alid state receives a send

data and invalidate message from the directory .

(2) Usually a directory in an I state do esn’t receive

a request message for inv alidation to all other cac hes

k eeping the data, like exclude , exclude if any , and

pur ge others messages. How ev er, when messages

get crossed, a directory in an I state receives suc h

messages. Figure 10 illustrates this case. An exclude

Figure 8: State T ransition Diagram for Receiving a get

if any Message(3)

Figure 9: State T ransition Diagram for Crossed Mes-

sages(1)

message which is sen t by Cache A receiving a get if

any and put message in an SU state, and a pur ge

others message which is sent by Cac he B receiving

a get if any message in an SO state, are sent to a

directory synchronously

. If the pur ge others mes-

sage is accepted �rst, the directory sends an invali-

date message to the cache A in a W aiting-Exclusion

state, and after receiving a pur ge d message from the

cache A, it changes its state to I. In such a case, the

next exclude message is accepted by the directory

which is in the I state. The directory concludes that

the cache A has no data, and it p erforms as if it had

received a get exclusive data message. As a result,

it sends a no data found message to the cache A.

Figure 10: State T ransition Diagram for Crossed Mes-

sages(2)

(3) Usually a cache in a W aiting-Shared-Data state,

a W aiting-Exclusion-without-Data state, a W aiting-

Exclusion-If-any-without-Data state, or a W aiting-

Purge-without-Data state do esn’t receive any re-

quest message from a directory

. This is b ecause

their states hav e changed from Inv alid and the

directory recognizes that a cache in an In v alid

state has no data. How ev er, this can happ en.

97

When a cac he receives a get if any message or

other messages from a user, it sends a pur ge d

message and changes its state to Inv alid. After

that, it may receive a message from a user that

c hanges its state to a W aiting-Shared-Data state,

a W aiting-Exclusion-without-Data state, a W aiting-

Exclusion-If-an y-without-Data state, or a W aiting-

Purge-without-Data state and the directory accepts

a request message from another cache, for exam-

ple, a get shar e d data message , a get exclusive data

message, or an exclude message, in adv ance of the

previous pur ge d message. In this state, the cache

receiv es a request message from the directory

, such

as a send data message, a send data and invalid

message or an invalidate message. In this state

the cache must not resp ond to it. The directory

recognizes the pur ge d message as a reply message

to the request message it sent to the cache. Fig-

ure 11 shows an example of this case. Cache A in

the W aiting-Exclusion-without-Data state receives

an invalidate message from the directory .

Figure 11: State T ransition Diagram for Crossed Mes-

sages(3)

3.7 Replacemen t

When a cache is full and new data cannot b e stored,

some data must b e replaced. The data which is replaced

is kept in another cache as copied, not owned data, that

is in a Shared-Unowned state. W e don’t use the LRU

algorithm for managing data in a Shared-Unowned state

b ecause of the high management costs. W e manage data

in a Shared-Uno wned state with the FIFO algorithm.

Replacing data may or may not rep orted to a directory .

If it is rep orted to a directory

, one in terpro cessor com-

m unication has to b e made. If it is not rep orted, if the

data is mo di�ed b y data from another cache, an inval-

idate message from the directory to the cache and a reply message from the cac he to the directory ha v e to b e

sent b ecause the cache list hasn’t b een up dated. When

the cache requires the data again, the directory has to

make sure not to register the cache twice in the cache list.

Which is b etter dep ends on replacemen t frequency

, data

sharing ratio, and up date frequency in the application

program. W e c hose the former for simplicity .

3.8 Managemen t of Ownership

Whether it is b etter or not to transfer ownership on data

copying dep ends on the application. As the owned data

is not selected for replacement, it is desirable to dis-

tribute ownership among caches to distribute memory

usage. F or example, in a single-writer multiple-reader

typ e program, it is b etter to change ownership when the

data is copied from the writer side to the reader side b e-

cause a lot of no des on which the reader pro cesses are

allo cated can hav e owned data. On the other hand, in

a multiple-writer single-reader t yp e program, it is b etter

not to change ownership b ecause a lot of no des on which

the writer pro cesses are allo cated can hav e owned data.

F urther analysis of the problem is necessary

. The proto-

col describ ed in this pap er transfer ownership along with

data.

4 Ev aluation

The purp ose of this ev aluation is to inv estigate the e�ec-

tiveness of the distributed p o ol in comparison with the

conv en tional centralized p o ol. Our ev aluation is on the

following p oints.

� Reduction of interpro cessor communication by

caching.

� Distribution of computing load.

4.1 Reduction of In terpro cessor Com-

m unication b y Cac hing

T o see whether caching e�ciently reduces interpro ces-

sor communication, we measured the execution time (re-

sp onse time) of carb on copy messages from a user using a

centralized p o ol and a distributed p o ol. F or the central-

ized p o ol, times of lo cal access in which the p o ol pro cess

and the user pro cess are lo cated on same no de, and that

of remote access in whic h they are lo cated on di�erent

no des were measured. The hit ratio is used as the pa-

rameter for the distributed p o ol. Since the complexity

of managed data changes the tra�c b etw een no des, we

measured with integer data and list data containing ten

integer elements. W e measured them on PIM/m and the

distributed version of KLIC. The distributed KLIC sys-

tem was run on a Sparc Center 2000 using PVM. The

Sparc Center 2000 is a shared memory multipro cessor

98

T able 3: Comparison of the Numb er of Messages T rans-

ferred

The num b er of messages transferred

T ransfer mo de Remote access to

the centralized p o ol

The distributed

p o ol with no cache

hits

lazy 7060 18784

eager 4060 10753

mac hine, and the PVM is a message-passing library

. In

the distributed KLIC system, there are t w o mo des for

transferring structured data, lazy tr ansfer mo de and e a-

ger tr ansfer mo de . Lazy transfer mo de sends only one

lev el of the structured data. Eager transfer mo de sends

the whole data structure based on p oin ters to the struc-

ture. W e measured with b oth mo des.

Figure 12 shows the execution time for cop ying integer

data on PIM/m, �gure 13 shows the result for list data on

PIM/m, and Figure 14 sho ws the result for integer data

on the distributed KLIC system. The x axis indicates the

hit ratio of the distributed p o ol and the y axis indicates

the execution time for cop ying data p er one access.

Figure 12 sho ws that, with p erfect cache hits, the ac-

cess for the distributed p o ol is slow er than that for lo-

cal access to the centralized p o ol, but that it is muc h

faster than that for remote access. The access for the

distributed p o ol with no cache hits is slow er than that for

b oth accesses of the centralized p o ol. As a result, when

the hit ratio is ab out 85%, the p erformance of the dis-

tributed p o ol and remote access to the centralized p o ol

are equal.

Figure 13 shows that the p erformance of the dis-

tributed p o ol is equal to that of remote access to the

cen tralized p o ol at a 40% hit ratio b ecause the commu-

nication costs increase for complex data.

Figure 14 shows that the execution time on the dis-

tributed KLIC system is ab out tw o orders of magnitude

slo w er than on PIM/m. Since the distributed KLIC sys-

tem has slow er comm unication, the hit ratio, where the

p erformance of the distributed p o ol is equal to that of re-

mote access to the centralized p o ol, is low er than that on

PIM/m. In the lazy transfer mo de, the hit ratio is ab out

35%. In the eager transfer mo de, the hit ratio is ab out

50%. The eager transfer mo de shows a b etter p erfor-

mance than the lazy transfer mo de, b ecause the num b er

of messages transferred is less than with the lazy transfer

mo de. T able 3 sho ws the num b er of messages transferred

in copying 1000 integers of data, for remote access to the

cen tralized p o ol, and for the distributed p o ol with no

cac he hits.

These measurements show that the distributed p o ol

is e�ective for managing complex data when access lo-

calit y is high. The measurements also indicate that the

distributed p o ol is more e�ectiv e for a system with slow er

Figure 12: Execution Time for Cop ying Integer Data on

PIM/m

Figure 13: Execution Time for Copying List Data on

PIM/m

communication, as in the distributed KLIC system.

4.2 Distribution of Computing Load

Figure 15 shows how computing load is distributed us-

ing the distributed p o ol. The x axis gives the n um b er

of no des in which the user pro cesses are lo cated and the

y axis gives the execution time for copying 1000 inte-

gers of data. The distributed p o ol is given a hit ratio of

85%. The programs was run on PIM/m. The execution

time for the centralized p o ol is almost prop ortional to

the num b er of the no de, and with 15 no des, it is ab out

10 times longer than with 1 no de. The execution time

for the distributed p o ol do esn’t increase as rapidly as for

the centralized p o ol, and the delay only doubles with 15

no des. The reason for the increase is the increased load

for supplying data to cache misses.

This measuremen t shows that the distributed p o ol can

distribute the load for accesses to a single p o ol to many

99

Figure 14: Execution Time for Copying Integer Data on

the Distributed KLIC System

Figure 15: Execution Time for Concentrating Access on

PIM/m

computing no des.

5 Conclusions

W e hav e in tro duced the distributed p o ol, which dis-

tributes data e�ciently among many pro cessing no des

using softw are caching. Using the distributed p o ol, ap-

plication programmers can distribute the computing load

exibly without worrying ab out data consistency

. It also

uses memory more e�ciently for applications pro cessing

a large amoun ts of data.

W e intend to further ev aluate the distributed p o ol

as applied to practical applications pro cessing large

amoun ts of data.

Ac kno wledgmen ts

W e w ould like to thank Mr. Kazuaki Rokusaw a at ICOT

for his helpful comments. W e would also like to thank

Dr. Shunic hi Uc hida, Director of the ICOT Research

Center, for his encouragement and supp ort in this work.

References

[Archibald 1986] J. Archibald and J. L. Baer. Cache Coher-

ence Proto cols: Ev aluation Using a Multipro cessor Simu-

lation Mo del. ACM T ransactions on Computer Systems,

V ol. 4, No. 4 (1986), pp. 273-298.

[Chik a y ama 1988] T. Chik a y ama, H. Sato and T. Miyazaki.

Overview of the Parallel Inference Machine Op erating Sys-

tem (PIMOS). In Pro c. Int. Conf. on Fifth Generation

Computer Systems, ICOT, T oky o, 1988, pp. 230-251.

[Chik a y ama 1994] T. Chik a y ama, T. F ujise and D. Sekita.

A Portable and E�cient Implementation of KL1, In Pro c.

6th Int. Symp. PLILP’94, Berlin, 1994, pp. 25-39.

[Goto 1989] A. Goto. Research and Developmen t of the Par-

allel Inference Machine in FGCS Pro ject. In M. Reeve and

S. E. Zenith (Eds.), Parallel Pro cessing and Arti�cial In-

telligence, Wiley

, Chichester, 1989, pp. 65-96.

[Hagersten 1991] E. Hagersten, A. Landin and S. Haridi.

DDM - A Cache-only Memory Architecture. SICS Re-

search Rep ort R91:19, 1991.

[Hasegaw a 1992] R. Hasegaw a and M. F ujita. Parallel Theo-

rem Prov ers and Their Applications. In Pro c. Int. Conf. on

Fifth Generation Computer Systems, ICOT, T oky o, 1992,

pp. 132-154.

[Lenoski 1990] D. Lenoski, J. Laudon, K. Gharachorlo o, A.

Gupta, and J. Hennessy

. The Directory-Based Cache Co-

herence Proto col for the DASH Multipro cessor. In sl Pro c.

17th Annual Int. Symp. on Computer Architecture, IEEE,

New Y ork, 1990, pp. 49-58.

[Rokusaw a 1994]

K. Rokusaw a, A. Nak ase, and T. Chik a y ama, Distributed

Memory Implementation of KLIC. In sl Pro c. W orkshop

on Parallel Logic Programming and its Programming En-

vironments, T ec hnical Rep ort CIS-TR-94-04, Universit y of

Oregon, 1994, pp. 151-162.

[Ueda 1990] K. Ueda and T. Chik a y ama. Design of the Ker-

nel Language for the Parallel Inference Machine. The Com-

puter Journal, V ol. 33, No. 6 (1990), pp. 494-500.