AN ALGORITHM OF

DISTRIBUTED GARBAGE COLLECTION

ON A MUL

TICOMPUTER

AND ITS PERFORMANCE EV

ALUA

TION

’)-1459%0;JBJ@I=G<?DH9:F>EAC8796K$#

by

T omio Kamada

3L 2/*

A Senior Thesis

M,+&

Submitted to

the Department of Information Science

the F aculty of Science

the University of T okyo

on F ebruary 23, 1993

in Partial F ul�llmen t of the Requirements

for the Degree for Bachelor of Science

Thesis Sup ervisor: Akinori Y onezawa (N O.

Title: Professor of Information Science

ABSTRACT

Automatic memory management is an imp ortant issue of massively parallel computing. In a

distributed environment where pro cessors are connected by asynchronous netw orks, the presence of

p ending messages makes it di�cult to traverse references for a GC. In order to con�rm the arriv al

of all p ending messages, some existing GC schemes use ACK (a message that informs of the arrival

of the sending message ) and others use network clearance op erations that send sweeping messages

through all the network paths. But few studies compare p erformance with actual implementations.

This study presents a distributed garbage collection algorithm that use weight for termination

detection to reduce message overheads, and do es not susp end ongoing computations, and allows

each no de to initiate lo cal GC indep endently

. The two metho ds (one is the v ariant of metho d using

ACK and the other uses network clear op erations) are compared through actual implementations

on a multicomputer with 64-512 no des, AP1000.

P Q R S

V ^ e j p � g � � � � � v § ˙ ¨ ˚ � a � | � � � £� [ ¤ � �» … ˛� ‡ � ^ ˝ ”» � � l

W � ⁄ � ] o � g � � � ƒ � ˙» ”� • � � Y � � � GC } r u � † ´ •– ‡ … � n Ł � i ¥ k

� � £ � � “ � � { � � GC � x ‘ � � � � � GC } r ! Æ � ˙» ”� • � ƒ � ¥ � ‹ � £ � �

ACK(�˙»”�•�ƒ�¥� ¢�£˙»”�•) ¥�£¡�»… ˛�‡�‡˚fl�†¯�

¶� ˇ � � � � � � �» … ˛� ‡ ` ‚ � ‚ � ^� ˙» ”� • ¥ c � ¡ � � � � � £� � � � w X �

w ª � Œ › ¥ \ " � � m f � � � � — m f � � ˙» ”� • � †� � ~» ‰ ¥ T ¢ � � � z d fi

� � | � ¥ � � w U � j p ¥ s � £ � � ¡ � � ~ ¿� ‰ � � h � � GC ¥ ' b � � U � � � ¡ �

� £ ] o GC � fl ¸ ·˚ „ ˘ ¥ � � £� � 64 � 512 ¿� ‰ � ^ ˝ ”»� ¥ t � ^ e jp � � � £

AP1000 Ø� wª� \"� £� X�«� �x‘ (ACK ¥q �¡� �_y �»… ˛�‡�‡ ˚fl¥

U�¡�) ¥wª¥�Z�£�

Ackno wledgemen ts

I would like to thank Professor Akinori Y oneza wa for various kinds of advices and directions.

I also thank Satoshi Matsuoka who recommend me to study distributed garbage collection and

advising me, Masahiro Y asugi for theoretical and technical advices, Kenjiro T aura for much en-

couragement and many technical advices.

T able of Con ten ts

Acknowledgements

List of Figures iii

List of T ables iv

1. Intro duction 1

2. Related W ork 3

2.1 Problems : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 3

2.2 Reference Count scheme and its V arian ts : : : : : : : : : : : : : : : : : : : : : : : 4

2.3 Distributed Mark-and-Sweep Schemes : : : : : : : : : : : : : : : : : : : : : : : : : 4

3. Our Approach 6

3.1 Goals of Our Distributed Garbage Collection : : : : : : : : : : : : : : : : : : : : : 6

3.2 Lo cal Garbage Collection : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 7

3.3 Global Garbage Collection : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 8

3.3.1 Overview of Our Global GC mechanism : : : : : : : : : : : : : : : : : : : : 9

3.3.2 Con�rming the Arrival of All Pending Messages : : : : : : : : : : : : : : : : 11

3.3.3 Distributed T ermination Detection of Global Marking : : : : : : : : : : : : 13

3.3.4 Concurrent With Mutators : : : : : : : : : : : : : : : : : : : : : : : : : : : 16

4. Algorithm 19

4.1 Algorithm : Using Message Count : : : : : : : : : : : : : : : : : : : : : : : : : : : 19

4.1.1 Behavior in Normal State : : : : : : : : : : : : : : : : : : : : : : : : : : : : 20

4.1.2 Behavior in Global Marking : : : : : : : : : : : : : : : : : : : : : : : : : : : 20

4.2 Algorithm : Using Bulldozing Metho d : : : : : : : : : : : : : : : : : : : : : : : : : 22

4.2.1 Behavior in Normal State : : : : : : : : : : : : : : : : : : : : : : : : : : : : 22

4.2.2 Behavior in Global Marking : : : : : : : : : : : : : : : : : : : : : : : : : : : 23

4.3 Correctness Pro of : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 25

4.3.1 Correctness and Assumption : : : : : : : : : : : : : : : : : : : : : : : : : : 25

4.3.2 Lemmas around Con�rming the Arrival of Old Messages : : : : : : : : : : : 26

4.3.3 Pro of of Safety Theorem 1 : : : : : : : : : : : : : : : : : : : : : : : : : : : : 29

4.3.4 Pro of of Safety Theorem 2 : : : : : : : : : : : : : : : : : : : : : : : : : : : : 32

4.3.5 Pro of of Liveness Theorems : : : : : : : : : : : : : : : : : : : : : : : : : : : 32

5. Performance Evaluation 35

5.1 Machine Environment : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 35

5.2 Memory Allo cation : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 37

5.3 Bulldozing Algorithm : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 37

5.4 Implementation : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 40

5.5 Evaluation : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 41

6. Conclusion and F uture W ork 44

References 46

List of Figures

3.1 Overview of Global GC : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 9

3.2 Remote Mark with W eight : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 14

3.3 Requesting W eigh t to GC Host : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 15

3.4 Remote Mark and Returning W eight : : : : : : : : : : : : : : : : : : : : : : : : : : 16

3.5 Active Collector with Zero W eight : : : : : : : : : : : : : : : : : : : : : : : : : : : 17

5.1 AP1000 Architecture : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 36

List of T ables

5.1 Global Marking Time with No Live Ob ject : : : : : : : : : : : : : : : : : : : : : : 41

5.2 Messages at Global Marking : Message Count Scheme : : : : : : : : : : : : : : : : 41

5.3 Messages at Global Marking : Bulldozing Scheme (with No Color) : : : : : : : : : 42

5.4 Messages at Global Marking : Bulldozing Scheme (with Color) : : : : : : : : : : : 42

Chapter

1

Intro duction

On a multicomputer with distributed memory where pro cessors are connected by asynchronous

network, it is di�cult to implement distributed garbage collection in concurrent ob ject-oriented

programing environments.

Some of di�culties are as follows:

� It is di�cult to collect all garbages including cyclic ones ranging over no des with light network

tra�c.

� Reference relations change over time by message passing, and in an asynchronous network,

p ending messages make it di�cult to traverse references for GC.

Two Ma jor Garbage collection schemes are (1) reference count typ e and its v ariant, (2) mark and

sweep type that marks ov er no des.

In this study

, we select (1) to implement our distributed garbage collection (referring to as

DGC) scheme to collect garbages including distributed cyclic ones by marking over no des (referring

as global mark).

Our goal is to implement DGC as follows:

1. It works concurrently with mutators and do es not blo ck ongoing computations.

2. It has lo cal garbage collection system that can collect only lo cal garbages and can run at any

time indep endently of other no des.

3. It has mark-and-sweep type distributed garbage collection system that can collect garbages

including distributed cyclic ones.

T o do with light netw ork tra�c, our scheme do es not send acknowledgment (ACK) messages to

con�rm each message’s arriv al. or to con�rm terminations of marking from ob jects. T o con�rm the

arrival of all messages, we use a message count scheme (a variant of ACK messages) and bulldozing

scheme (a sort of network clear op erations), and compare them through actual implementation.

T o con�rm termination of marking over no des, we present our termination detecting algorithm

using weight given to each marking activity as lo cal collector and remote mark message as a unit.

The remainder of this thesis is structured as follows. Chapter 2 describ es the related work on

distributed garbage collection. Chapter 3 presents an approach to our DGC scheme. Chapter 4

forms the algorithm of our DGC, message count version and bulldozing version as well as their

pro of. Chapter 5 presents an implementation on AP1000 and in the p erformance of our DGC. W e

conclude in Chapter 6.

Chapter

2

Related W ork

This chapter present previous work in distributed garbage collection. Section 2.1 describ es prob-

lems to implement distributed garbage collections. Section 2.2, 2.3 presents two ma jor typ es of

DGC, reference count and mark and sweep type.

2.1 Problems

It is di�cult to implement DGC that collect all garbages ranging over no des with light network

tra�cs. One ma jor kind of DGC is using reference counter that has di�culties in collecting

distributed cyclic garbages. Another ma jor kind of distributed garbage collection do es marking

over no des and has to send many messages for marking, con�rming of arriv al, termination detection

of marking. Some algorithms of b oth are describ ed b elow.

Another di�culty is concurrency with mutators (ordinary user programs). W e have to care of

mutators’ activities on unmarked space that may change global snapshot for GC. In environments

where pro cessors are connected with an asynchronous network, we also care of p ending messages

that may change reference relations of ob jects.

Two ma jor kinds of distributed garbage collection scheme, reference count schemes and dis-

tributed marking schemes, are describ ed b elow.

2.2 Reference Count scheme and its V ariants

Basic idea of reference count scheme is as follows:

� Remotely referenced ob jects and referencing ob jects have reference count.

� Lo cal GC is done by adding remotely referenced ob jects to ro ot set of marking.

� If referencing ob jects are reclaimed, reference counts of referenced ob ject are decremented.

An algorithm of this kind is presented in [2]. This algorithm is simple and where each cell do es

GC on its lo cal space indep endently

. However it can not collect cyclic garbages ranging ov er no des.

In [5], an algorithm where each cell do es GC on its lo cal space indep endently is presented which

is fault-tolerant, largely indep endent of how a pro cessor garbage collects its own space, allows

for multiple concurrent active GCs, dose not need centralized control nor global stop-the-world

synchronization, do es not require to migrate ob jects from pro cessor to pro cessor and eventually

reclaim all inaccessible ob jects including distributed cycles. Group GC is sometime done to remove

dead cycles over no des. How ever dead cycles are removed only when cycles are included in no des

doing group GC.

[8] presents the algorithm using timestamp that can collects distributed cyclic garbages. W e

do not understand it enough.

2.3 Distributed Mark-and-Sweep Schemes

Basic idea of distributed mark-and-sweep schemes is simple, to do mark-and-sweep GC over no des.

In [1] , a mark and sweep type algorithm is presented where each pro cessor has their collector

pro cess that accesses its own memory only

. This collection scheme is for POOL system. Marking

for remote reference is done by message passing b etween lo cal collectors on each cell. This algorithm can collect all garbages including distributed cyclic ones. However all lo cal collectors in network

have to synchronize to wait for arriv al of all old p ending messages or for initialization of global

mark on all no des. Its termination detection is done by using three marking colors, black, gray

and white. Gray ob jects are live ob jects markings from them are not completed. If no gray ob ject

exists on all no des, marking phase is terminate.

In [4, 6], algorithms for Emerald System are presented. The algorithm in [4] has two garbage

collectors: a no de lo cal collector that can run at any time indep endently of other no des and a

distributed garbage collector that collects distributed garbage by co op eration with other no des

to mark globally

. Their termination detection is done by using three marking colors, same as in

[1]. Mutators can run only in marked space. In [6], robust garbage collector is presented that is

tolerant to partial fault.

[10, 11, 12] present algorithm of garbage collecting actors in distributed environmen ts connected

with an asynchronous network. This algorithm uses bulldozing metho d to get the consistent global

snapshot for GC. Bulldozing metho d is a kind of network clearance op eration where communica-

tions b etween no des are FIFO order. By sending bulldozing messages through network, arrivals of

sent messages b efore bulldozing are con�rmed. However no actual implementation is not done.

[7] presents an algorithm of DGC in an unreliable asynchronous FIFO netw ork. By using vector

timestamp, each no de knows global time and do es not have to synchronize to get global states.

T o con�rm arrivals of old p ending messages, no des only have to send ackno wledgment messages

to last messages for each no de-to-no de communications.

Chapter

3

Our Approach

This chapter presents our approach to distributed garbage collection. Section 2.1 presents our goal

of DGC. Section 2.2 describ es how to do lo cal GC. Section 2.3 presents how to do global GC and

our approaches to reduce global GC overhead.

3.1 Goals of Our Distributed Garbage Collection

W e assume our DGC to work on multicomputers where pro cessors are connected with an asyn-

chronous netw ork, where each channel has reliable and FIFO communication. Actually implemen-

tation is done on AP1000, a multicomputer with 64 - 512 no des.

Our DGC is assumed to work in concurrent ob ject-oriented programing environment, and to

work concurrently with mutators and not to blo ck mutators.

The de�nition of garbages in our DGC scheme is as describ ed b elow.

� Active ob jects (that are currently pro cessing messages or have messages that are not pro-

cessed) are alive.

� Ro ot ob jects (that are alwa ys useful ob jects such as I/O devices and global variables in

programs) are alive.

� Ob jects are alive if other live ob jects (or their messages) know their ob ject address.

� Garbage ob jects are ob jects that are not alive according to the ab ove de�nitions.

Goals of our DGC are as follows:

1. It works concurrently with mutators and do es not blo ck ongoing computations.

2. It has lo cal garbage collection system that can collect only lo cal garbages and can run at any

time indep endently of other no des.

3. It has mark-and-sweep type distributed garbage collection system that can collect garbages

including distributed cyclic ones with marking ranging over no des (referring to as global

mark).

4. It do es not send acknowledgment messages for each sending message.

5. It do es not send acknowledgment messages for each marking to detect terminations of global

marking.

W e select mark-and-sweep type garbage collection to collect garbages comprehensively . T o reduce

problem of mark-and-sweep type collector, that is overhead esp ecially in network tra�c, 4 and 5

are done.

3.2 Lo cal Garbage Collection

W e have to mark from ob jects referenced from remote live ob jects in lo cal GC. T o do lo cal GC at

any time indep endently of other no des, conservativ e and simple metho d is selected in our collector.

The set of no des that are p otentially referenced from remote ob jects is created as exp orted set

on each no de, and at starting lo cal GC lo cal collectors add memb ers of their exp orted set to ro ot

set for lo cal marking. T o implement this exp orted set, ob jects are added to exp orted set when

their ob ject p ointers are exp orted to remote ob jects. Deletions from exp orted set are done based on reference relationship at global garbage collection. When global garbage collection starts, each

no de clears their exp orted set and only ob jects that receive remote messages to mark (referring to

as remote mark messages) are put on exp orted set again.

In our implementation on AP1000, physical p ointers of ob jects are �xed and lo cal collectors

is mark-and-sweep type, but our distributed garbage collection algorithm is indep endent of lo cal

collector’s type. If you select copying collector as lo cal collector, you only have to extend exp orted

set as exp ort table to have physical p ointers to ob jects and all remote references are to b e done

through exp ort table.

3.3 Global Garbage Collection

W e implement a DGC that works concurrently with mutators and do es not blo ck mutators.

T o collect all garbage including cyclic ones ranging over no des, we select a scheme that marks

globally over no des and reclaims memory on each cell. GC Host is assumed in our algorithm that

manages the op ening of global GC to avoid two or more global marking start simultaneously

, and

determines the termination of global marking. The algorithm of this global garbage collection is

describ ed in following subsection.

At global garbage collection, global GC collects garbages at global snapshots at starting of

global GC. New created ob jects during GC are allo cated as marked ob jects.

T o do global GC correctly

, we have to mark from ro ot ob jects and active ob jects and their

messages at the global snapshot. But some unpro cessed messages of active ob jects sent b efore

global GC starts may b e p ending in the netw ork. W e must con�rm the arrival of these messages

and mark from them. W e describ es ab out con�rming scheme of the arrival of all p ending messages

sent b efore global GC starts in following subsection.

Figure 3.1: Overview of Global GC

T ermination detection of marking over no des is a factor to increase network tra�c. W e present a

termination detection algorithm using weight, that do es not send ackno wledge messages informing

terminations of markings from each ob ject.

3.3.1 Overview of Our Global GC mechanism

Our global garbage collector consists of lo cal collectors on each no de and global GC host that

manages the op ening of global GC to avoid two or more global marking start simultaneously ,

and determines the termination of global marking. Marking over no des is implemented as remote

message passing b etween no de lo cal collectors.

A lo cal collector has each marking set from that collector continue marking. Collectors have

two sides state, quiet and active. Marking sets at starting of global GC are equal to ro ot sets,

ro ot ob jects and active ob jects and their unpro cessed messages. In marking ob ject A, A is deleted

from marking set and collector marks A and add referenced ob jects from A to marking set if A

is not marked. A collector is active when marking set is not empty and it can continue marking,

It b ecomes quiet when marking set b ecomes empty and it do es not have ob ject to mark at the situation.

When a lo cal collector wants to start global GC, it sends message to GC host requesting starting

of global GC. When GC host accepts the request, it broadcasts messages to all no des announcing

starting of global GC and giving weight (mentioned later). If another global marking is done, GC

host rejects the request.

Lo cal collectors on each no de know the start of a global GC when announcement from GC host

or remote mark messages from other no des (or new color messages from other no des in case of using

message count scheme as describ ed b elow) are arrived. They b ecome active and set ro ot sets and

clear exp orted set on each no de. (In case of using message count scheme, they send send message

counts to host to o, as describ ed later.)

Lo cal collectors start marking from each ro ot set. When remote reference is found in marking,

the collector sends remote mark message to owner no de of referenced ob ject to mark it. Receiving

remote mark messages, collectors added ob ject p ointer in the messages to their marking sets and

continue marking. When marking set b ecome empty

, it b ecomes quiet and some messages are sent

to GC host as describ ed b elow.

Ongoing computation is done concurrently with lo cal collector as usual except the following

p oints:

� Arriv al messages are at �rst captured by the garbage collectors. F or messages that may

b e sent b efore global GC start, lo cal collectors add to their marking sets ob ject p ointer

information included in them. (The ways of judgment whether messages are p ossibly old or

not are di�erent b etw een message count scheme and bulldozing scheme as describ ed 3.3.2.)

� W riting on unmarked ob jects is checked and erased ob ject p ointer data information is added

10 to marking sets. (as describ ed 3.3.4.)

When GC host determines termination of global marking, GC host sends announcement mes-

sages to all no des, and lo cal collector starts to reclaim garbages on each no de. Algorithm of

termination detection is describ ed in 3.3.3.

3.3.2 Con�rming the Arriv al of All Pending Messages

Marking from all unpro cessed messages of ob jects have to b e done, in an asynchronous network

we hav e to con�rm the arriv al of all p ending messages sent b efore global GC start and mark from

them.

A well known metho d of con�rming the arrival of sending messages is to use acknowledgment

message (referring to as ACK) that is sent from receiver no des to sender no des to inform sending

message arrival. If we implement this naively

, message tra�c for ordinary computation increased

twice and messages must include the information of sender no de ID.

Another metho d is called netw ork clear op erations that sweep out old messages from network.

Bulldozing metho d is one of network clear op eration that needs no sp ecial hardware supp orts

except the FIFOness of each network channel, as describ ed in [10, 11, 12]. By sending bulldozing

messages through network, we can con�rm the arrival of all old messages when bulldozing �nished.

This time, we implement our DGC algorithm through two schemes, a scheme that we call mes-

sage count scheme (improv ed scheme of naive ACK metho d) and bulldozing scheme, and compared

through implementation.

Our message count scheme colors all messages of ordinary computation to distinguish whether

messages are sent b efore global GC start or after, and lo cal collector count numbers of all sent mes-

sages and arrival messages by their message color, as sent message count and arrival message count.

11

When global GC start, GC host compares the sums of sent messages count and arriv al messages counter

in distributed system. In actual implementation, a lo cal collector sends sent message counts of old

color to GC host and sets the counter to zero at b eginning of a global GC. When a lo cal collector

b ecomes quiet, it sends arrival message counts of old color to GC host and sets the counters to

zero. If marking set increased from arrival of remote messages or so, the lo cal collector sends

arrival message count again at b ecoming quiet.

Message counting is done all the time and old messages may arrive to a quiet collector in global

GC. In the case, the collector b ecomes active again. Marking to p ossibly old message is done with

old color messages. F or arriv al of old color messages in global GC, collectors add ob ject p ointer

information including the messages to their marking set and continue marking. Naturally lo cal

collectors send arrival message count at b ecoming quiet again.

GC host con�rms the arrival of all p ending messages sent b efore global GC start, if following

condition is attained.

1. Sent message counts are received from all no des.

2. Sums of sent message counts and arrival message counts are equal.

Safety prop erty of ab ove statements is obvious. 1 means sum of sent message counts b ecome

sum of all of them. As sum of arriv al message counts increase monotonically

, and sum of ar-

rival message counts is not more than sum of all arrival message counts, which is equal to sum

of all sent message count, 2 means all message arrived. T ermination is also obvious b ecause all

sent message counts are sent at the b eginning of global GC and for all arrival of messages ar-

rival message counts are returned to GC host in �nite time.

On the other hand, bulldozing schemes are describ ed in detail in [10, 11, 12]. By sending

12 bulldozing messages through network, we can con�rm the arriv al of all old messages when bull-

dozing �nished. AP1000 has 2-dimension torus network and implementation of bulldozing is done

considering with sp eci�c hardware architecture. Detail of our bulldozing algorithm is describ ed in

5.3. Bulldozing is implemented to work concurrently with global marking. In [11] messages are

colored to distinguish whether messages are sent b efore global GC or not. In this studies this time

we make two version of bulldozing algorithm, one use coloring information and another do not use

colors and messages arrived b efore bulldozing �nished are judged as p ossibly old messages.

3.3.3 Distributed T ermination Detection of Global Marking

Another di�culties of mark and sweep type distributed garbage collection is to implement termi-

nation detection algorithm of global marking with light network tra�c.

A naive termination detection algorithm uses acknowledgments for marking when marking from

marked ob ject as a ro ot is terminates. T ermination condition of this type algorithm is achieved

when all ro ot sets on each no des have b een acknowledged. However acknowledgment messages

are sent for each remote mark message and latency of acknowledgment is long when marking is

ranging several no des. Memory space for remembering not ackno wledged ob jects is necessary .

A well known termination detection algorithm is setting three colors for marking, in [1]. Ac-

knowledgment for marking when all references of marked ob ject are traversed. Black ob jects are

alive and acknowledged ob jects. Gray ob jects are alive but not acknowledged ob jects. White

ob jects are not marked ob jects. T ermination condition of this typ e algorithm is achieved when

all no des have no gray ob jects. However acknowledgment messages are sent for each remote mark

message. And messages are sent many times to gain termination condition.

Our termination detection algorithm uses weight and gives it to marking activities, remote

13

Figure 3.2: Remote Mark with W eigh t

mark messages and active lo cal collectors as a unit. This weight is provided by GC host and each

collector returns weigh t to GC host at b ecoming quiet. The sum of weight in network and lo cal

collectors on each no de, that is sum of weight of remote mark messages and active lo cal collectors,

are equal to provided weight by GC host. Remote mark messages and active lo cal collectors are kept

to have p ositive weight in our algorithm (except the case describ ed 3.3.4. Naturally termination

condition of our garbage collection is attained when GC host receive all weight provided b efore.

At staring of global GC, each no de gets weight from global GC host with announcement message

of starting of global GC and adds the weight to its weight. At sending remote mark messages,

lo cal collectors send them with p ositive weight and decrement their own weight. If collectors weight

b ecomes zero by decreasing weight, sending remote mark is blo cked until request of weight to GC

host is done and enough weigh t is provided from GC host. Receiving remote mark messages, lo cal

collectors add weight of mark messages to their own weigh t and add referenced p ointer into their

marking set and continue marking. At b ecoming quiet, no des return their weight to GC host.

A quiet lo cal collector b ecomes active when p ossibly old messages or remote mark messages

arrive. In case of remote mark messages, lo cal collectors get messages’ weight and b ecome active

14

Figure 3.3: Requesting W eight to GC Host

with p ositive weight. In case of p ossibly old messages, lo cal collector b ecomes active with zero

weight.

Thus weight in network and all no des are equal to weigh t provided by GC host. After con�rming

the arrival of all p ending messages, weight of remote mark messages and lo cal no de collectors are

kept p ositive b ecause active collector with zero weight b ecomes quiet until con�rming of arrival

and no zero weight active collector will not b e created after con�rming. (More formal pro of of this

prop erty is describ ed in 4.3.)

T ermination condition of global marking is attained when following two conditions are achieved.

� Con�rming the arrival of all p ending messages is done.

� GC host received all weigh t providing b efore.

W e now informally compare this algorithm with ab ov e mentioned ones using acknowledgment

messages. This algorithm requires remote mark messages to hav e weigh t information but ab ove

ones require them to have p ointer of referencing ob ject instead. In our algorithm returning of

15

Figure 3.4: Remote Mark and Returning W eight

weight is done only when lo cal collectors b ecome quiet. Request message for weight and its reply

is pure ov erhead messages to implement this termination detection algorithm. Comparing with

ab ove algorithm using ackno wledgment messages for each remote mark message, message tra�c is

fairly lower. F urthermore, requests of weight o ccur seldom b ecause weigh t is managed as a lo cal

collector as a unit. GC host judges termination of global marking only when weights are returned

and do not have to send messages to watch lo cal collectors’ states. Considering of lo cal collectors’

overhead, in our algorithm collectors only have to deal weight and states for remote mark and have

very simple data structure compared to ab ove ones using ackno wledgment.

3.3.4 Concurrent With Mutators

One of ma jor problem on implementing concurrent GC with mutators is mutators’ writing in

unmarked space. W riting in unmarked space may change untraced reference relation of global

16

Figure 3.5: Active Collector with Zero W eight

snapshot at starting of global GC.

Two ways of coping with this di�culty are well known.

(1) Mutators are allowed to execute only in marked ob ject whose reference is considered already .

(2) Conservatively marking from erased reference is done.

This time one of our goal of distributed garbage collection is not to blo ck mutators and select (2)

solution.

Some di�culties are raising from selecting (2). Quiet lo cal collector can b ecome active without

arrivals of remote mark messages or old messages. However this solution do es not destroy our

termination detection algorithm. W e write informal pro of here. (More formal pro of is describ ed

in 4.3)

Assuming of a written unmarked ob ject O in no de N. O is alive b ecause it is accessible from live

ob ject, and if it is not unmarked it must b e exist b efore global snapshot as new ob jects are created

marked, and marked b efore termination condition is formed. Next we prove termination of marking

from O as ro ot b efore termination condition is formed. F or marking from O as ro ot out of N must

b e managed with p ositive weigh t. F or marking from O as ro ot in N must b e �nished b ecause O

has to b e marked and the marking must b e one from outside ro ot (including old messages) and N

has to receive old messages or remote mark messages. If the situation is achieved, following of this

17 informal pro of is same as describ ed in 3.3.3

18

Chapter

4

Algorithm

W e formalize our algorithm based on discussions on chapter 3. Section 4.1 presents one version

of our DGC algorithm that use message count scheme. Section 4.2 presents another version using

bulldozing metho d. Section 4.3 describ es pro of of our algorithms.

In this chapter marking means traversing references of an ob ject and add referenced ob ject to

marking set. Marking from A as ro ot means traversing graph of reference relation as A as ro ot

and mark all referenced ob jects.

4.1 Algorithm : Using Message Count

This scheme uses message counters to con�rm the arrival of all p ending messages.

All mutators’ messages hav e their colors used to b e distinguished whether messages are sent

b efore global snapshot or after. Each no de has two kinds of message counter that counting the

number of sent messages and arriv al messages by message color. Each lo cal collector has its color

and sent messages are colored by its color.

Lo cal collector and GC host’s state are 2 sided, normal state and marking state. Lo cal

collectors in marking state with non-empty marking sets are called active, and other collectors in

marking are called quiet.

19

4.1.1 Behavior in Normal State

Lo cal Collector

� On sending a message, a lo cal collector increments their sent message count. If the message

includes lo cal ob ject p ointers, they are added to exp orted set. The message is sent with color

of the collectors.

� On receiving a message, a lo cal collector increments arrival message count of message color.

If message’s color is not same as lo cal collector’s color, lo cal collector must b ecome active

state in GC. The message is received after b ecoming active.

� On receiving remote mark messages or announcement of staring of global GC start, lo cal

collector b ecomes active. Remote mark message is received after b ecoming active.

� If a collector wants to start lo cal GC, lo cal collector starts garbage collection as describ ed in

3.2. If a collector wants to start global GC, it sends request message to GC host.

GC Host

� GC host b ecomes active state on receiving request of global GC.

4.1.2 Behavior in Global Marking

Lo cal Collector

� At b ecoming marking state, collectors must change their color, clear exp orted set, set ro ot

set and send message count.

� Collectors with non-empty marking set continue marking from their marking set.

20

� Marking remote ob ject, at �rst collector check the ob ject is remotely marked from own no de.

If it is not marked form own no de, collectors send remote mark message with p ositive weigh t.

Collectors’ weight decreased and , in the condition their own weights b ecome zero, sending

remote mark is blo cked until request for weight is done and enough weigh t is provided from

GC host.

� Sending a message is same as normal state.

� Receiving a message, a lo cal collector increments arrival message count of message color. If

message’s color is old, ob ject p ointer included in messages are added to marking set.

� Receiving a remote mark message, weight of message is added to collector’s one and ob ject

p ointer included in messages is added to marking set.

� If new ob ject is allo cated, it is created as marked ob ject.

� If mutator write in unmarked ob jects, erased p ointer informations are added to marking set.

� If marking set b ecome empty

, collectors send weigh t and arriv al message count of old color

to GC host.

� Announcement of starting of global marking is discarded.

� Receiving an announcement of termination of global marking, each no de starts to reclaim

unmarked space. Collectors b ecome normal state.

GC host

� At b ecoming marking state, GC host broadcasts announcement of starting of global GC.

� Requests to start global GC are discarded.

21

� Receiving sent message count, collectors add it to sum of sent message count. Number of

receiving sent message count is counted.

� Receiving weight and arrival message count, collectors add them to sum of each. Continue

to termination detector.

� T ermination of global marking is detected if following two conditions are established.

1. Sent message counts are received from all no des.

2. Sums of sent message counts and arrival message counts are equal.

3. All weight is returned to GC host.

If these conditions are established, GC host broadcasts messages to each no de to start re-

claiming of unmarked memory space. GC host b ecomes normal state.

4.2 Algorithm : Using Bulldozing Metho d

This scheme uses a bulldozing metho d to con�rm the arrival of all p ending messages. Bulldozing

is done concurrently with global marking.

W e present two algorithms, one uses message color to distinguish old messages and another do

not use message color and messages received b efore an announcement of termination of bulldozing

are judged as p ossibly old messages.

Lo cal collectors and GC host have 2 sided state as message count scheme.

4.2.1 Behavior in Normal State

Lo cal Collector

� Sending a message including lo cal ob ject p ointers, they are added to exp orted set.

22

� Receiving remote mark messages or announcement of global GC start (or new colored mes-

sages at using color), lo cal collector b ecomes active. The message is received after b ecoming

active.

� If a collector wants to start lo cal GC, lo cal collector starts garbage collection as describ ed in

3.2. If a collector wants to start global GC, it sends request message to GC host.

GC Host

� GC host b ecomes active state on receiving request of global GC.

4.2.2 Behavior in Global Marking

F or Bulldozing

� Bulldozing starts after cells b ecome marking state.

� T ermination of bulldozing is announced to all cells and GC no des.

� Bulldozing algorithm dep end on machine architecture and our algorithm using WO at im-

plementing on AP1000 is presented in 5.3.

Lo cal Collector

� At b ecoming marking state, collectors clear exp orted set, set ro ot set. Some kinds of ac-

knowledgement is done for bulldozing.

� Collectors with non-empty marking set continue marking from their marking set.

� Marking remote ob ject is as message count scheme.

� Sending a message is same as normal state.

23

� Receiving a message b efore arrival of announcement of bulldozing termination, lo cal collectors

add ob ject p ointers included in messages to their marking set. (If using color, lo cal collectors

add ob ject p ointers included in old colored messages to their marking set.)

� Collectors neglect messages after arrival of announcement of bulldozing termination.

� Receiving remote mark messages, weights of messages are added to collector’s one and ob ject

p ointers included in messages are added to marking set.

� New ob jects are created as marked ob ject.

� If mutators write in unmarked ob jects, erased p ointer informations are added to marking set.

� If marking set b ecome empty

, collectors send weight to GC host.

� Receiving announcement of termination of bulldozing, collectors send acknowledgemen t mes-

sage for this announcement. If collectors hav e no weights, acknowledgemen t is done after

requesting weight is done and weights are provided.

� Receiving bulldozing messages, collectors play their role in bulldozing algorithm.

� Announcement of starting of global marking is discarded.

� Receiving announcement of termination of global marking, each no de starts to reclaim un-

marked space. Collectors b ecome normal state.

GC host

� At b ecoming marking state, GC host broadcasts announcement of starting of global GC.

� Requests to start global GC are ignored.

24

� Receiving weight and arrival message count, collectors add them to sum of each. Continue

to termination detector.

� Receiving an acknowledgement message for announcement of bulldozing termination, termi-

nation detector is contin ued.

� T ermination of global marking is detected if following two conditions is established.

1. Acknowledgment messages for announcement of bulldozing termination are received

from all no des.

2. All weight is returned to GC host.

If these conditions are established, GC host broadcasts to all no des to start reclaiming of

unmarked memory space. GC host b ecomes normal state.

4.3 Correctness Pro of

4.3.1 Correctness and Assumption

W e must satisfy following prop erties to prov e the correctness of our distributed garbage collection

algorithm.

� Safety Theorem :

1. Non-garbage ob jects will not b e collected during garbage collections.

2. User programs will not b e in uenced by garbage collections.

� Liveness Theorem :

1. Garbage collection algorithm terminates in �nite time.

2. Every Garbage Ob ject will even tually b e collected.

25

T o prove our distributed garbage collection, we use following assumption.

� Assumption : Garbages will not b ecome live ob jects again.

W e also assume ab out network as follows:

� Network Assumption : All messages arrive at their destination in �nite time.

4.3.2 Lemmas around Con�rming the Arriv al of Old Messages

This section presents and proves following lemmas around con�rming of old messages used in pro of

of correctness.

Lemma 1.1.1 : At message count scheme or bulldozing scheme using color for messages, a

consistent global snapshot has b een obtained by our algorithm.

Lemma 1.1.2 : At bulldozing scheme not using color for messages, a consistent global

snapshot has existed.

Lemma 1.2 : After con�rming the arrival of all old messages, no old message is in network.

Lemma 1.3 : Marking from all old messages is done.

Lemma 1.1.1 : At message count scheme or bulldozing messages using color for messages, a

consistent global snapshot has b een obtained by our algorithm.

Pro of :

When a remote message or an announcement of starting of global marking or a new colored

message arrives, lo cal collectors changed their color and receive the message. Messages from new

colored collectors are received by new color collectors only and consistency is gained. Announce-

ment of starting global marking is received b efore announcement of termination of global marking

26 and its arriv al is acknowledged during global marking phase. As announcement of starting of global

marking arrives in �nite time, snapshot is obtained in �nite time.

2

Lemma 1.1.2 : At bulldozing scheme, a consistent global snapshot has existed during marking

phase.

Pro of :

Bulldozing scheme guaranteed the fact that no message sent from no des b efore bulldozing

arrives at no des after bulldozing, and global time of a no de b efore bulldozing is earlier than one

of another no de after bulldozing. W e can get consistent global snapshot by following de�nition.

� Global time b efore bulldozing is b efore global snapshot.

� Global time after bulldozing is after global snapshot.

� If a no de receives a message sent after global snapshot, global time of its no de is after global

snapshot.

� If a no de’s global time is not after global snapshot with ab ove algorithm, global time of its

no de is b efore global snapshot.

A snapshot ab ove de�nition has consistency

. Supp osing the condition where consistency is broken

by a message sent after global snapshot arrives at a no de b efore global snapshot, the no de is b efore

bulldozing. This makes contradiction with guarantee of bulldozing metho d.

2

Lemma 1.2 : After con�rming the arrival of all old messages, no old message is in network.

Pro of on message count scheme :

F rom Network Assumption, sent messages arrive at destination. It is obvious that sum of sent

messages’ number is equal to sum of arrival ones. Our algorithm con�rms the arrival of all old

27 messages if following conditions are attained.

� Sent message counts are returned from all no des.

� Sums of sent message counts and arrival message counts are equal.

Sent message count is returned when lo cal collectors on each no de change their colors and sent

message count of old color never increase. Sum of arrival message count is increased monotonically

and when sum of arrival message count is equal to sums of sent ones all arriv al message count is

returned. This guarantees the arrival of all old messages.

2

In actual implementation message color needs only 2 color as changing color is not done b efore

con�rming of old ob jects.

Pro of on bulldozing scheme :

Bulldozing algorithm may changes and informal pro of of this time bulldozing is done in section

5.3.

Lemma 1.3 : Marking from all old messages is done.

Pro of on message count scheme :

In this scheme, all messages are colored. As lo cal collectors checking message color and marking

from old messages b efore the arrival of all old messages are con�rmed. F rom Lemma 1.2 no old

messages are in network after con�rming all messages’ arriv al. Lo cal collectors continue checking

messages until termination of global marking is announced, and no old message will arrive in future.

This guarantees the fact that collectors mark from all old messages.

2

Pro of on bulldozing scheme :

In our bulldozing scheme, lo cal collectors mark from all messages b efore bulldozing terminates.

Therefore marking from all old messages is done.

2

28

4.3.3 Pro of of Safety Theorem 1

W e also use following lemmas to prove safety theorem 1.

Lemma 2.1 : All live ob jects will b e marked in global marking in our algorithm.

Lemma 2.2 : Lo cal collectors acknowledges arrival of old messages with non-empty marking

set and no weigh t.

Lemma 2.3 : T ermination condition is not achieved until global marking terminate.

Lemma 2.1, Lemma 2.2, Lemma 2.3, Safety Theorem 1 are proved in this order.

In our DGC live ob jects are de�ned as follows.

� Active ob jects are live ob jects.

� Ro ot ob jects are live ob jects.

� Ob jects are alive if other live ob jects know their ob ject address.

Our algorithm marks following ob jects.

1. Active ob jects and ro ot ob jects are marked as ro ot set.

2. Ob jects referenced by messages of global snapshot are marked.

3. Ob jects referenced by marked ob jects are marked.

4. When mutators write in unmarked ob jects, the written ob ject and referenced ob jects by it

are marked.

Lemma 2.1 : All live ob jects will b e marked in global marking in our algorithm.

Pro of

29

It is obvious that all old live ob jects are traced on global snapshot with 1 - 3 type marking

only

. Our algorithm works concurrently with mutators. T o av oid any untraced reference to b e

erased, erased references are traced conservatively b efore reference relation is changed. W e traced

reference relations on global snapshot only and no unmarked reference relation is erased during

marking phase, all live ob jects at global snapshot are marked using Lemma 1.3. Old live ob jects

were live at global snapshot using ab ove Assumption and marked during marking phase. As new

ob ject is created as marked ob ject during GC, it is proved that all live ob jects are marked during

phase.

2

Lemma 2.2 : Lo cal collectors acknowledge arrival of old messages with empty marking set or

p ositive weight.

Pro of :

In message count scheme, lo cal collectors acknowledge arrival of old messages only when their

marking set b ecome empty

. In bulldozing scheme, lo cal collectors with non-empty marking set

acknowledge announcement of termination of bulldozing with p ositive weigh t. If a lo cal collector

has no weight with non-empty marking set, acknowledgment is done after collectors request weight

and GC host provides weigh t. In b oth cases Lemma 2.2 is kept.

2

W e de�ne some sets for pro of of Lemma 2.3.

� Old marked ob jects are memb er of set A if it can b e traced from ro ot set or old messages

with references traced during marking phase.

� Old marked ob jects are member of set B if it is not member of A.

Lemma 2.3 : T ermination condition is not achieved until global marking terminate.

30

Pro of W eigh ts in network and in lo cal collectors are kept equal to weight provided by GC

host in our algorithm. As weigh ts do not hav e negative v alue, Returning all ob jects to GC host

guaranteed the fact that no remote mark messages are in network and no collectors hav e p ositive

weights.

Lo cal collectors’ weight can b e zero only if its marking set b ecome empty and collectors return

weights to GC host.

Assuming the situation where terminate condition is achieved and some lo cal collectors contin ue

marking, the collector must contin ue marking with no weigh t.

A lo cal collector with no weight marked an ob ject O as member of set A, O is traced from any

ro ot ob jects or old messages.

Case 1 : Supp ose O can b e traced from ro ot set of same no des, O is marked b efore marking set

b ecomes empty and the lo cal collector has p ositive weight. This supp osition makes contradiction.

Case 2 : Supp ose O can b e traced from old messages arrived at this no de, O is marked b efore

marking set b ecomes empty

. This means that O is marked by collectors with no weights and

non-empty marking set. This supp osition contradicts with Lemma 2.2.

Case 3 : Supp ose O can b e traced from ro ot set at other no des or old message arrived at other

no des, a traced reference exists that can reach to O. Remote marking to this no de was done and

O will b e marked until marking set b ecomes empty

. However, lo cal collectors on the no des receive

p ositive weight from remote mark message and keep p ositive weight until marking set b ecomes

empty

. This supp osition makes contradiction.

Therefore we can say O is not member of A. O is marked ob jects and O must b e traced from

unmarked ob jects written in by mutators. WO must b e live ob jects and member of A. Supp ose WO

31 and O is not at same no des, some remote references exist b etween O and WO and contradiction

o ccurs as case 3. Supp ose WO and O is at same no des and reference to WO was traced by

collectors with p ositive weigh ts, O must have b een marked b efore marking set b ecomes empty by

collectors with p ositive weigh t. This also makes contradiction. Supp osing that WO will b e marked

by collectors with no weight after con�rming the arriv al of all old messages, and same contradiction

o ccurs as Case 1 - 3.

Consequently we can say �rst assumption is not correct and Lemma 2.3 is proved.

2

Safety Theorem 1 : Non-garbage ob jects will not b e collected

Pro of :

Using Lemma 2.1 and Lemma 2.3, all live ob jects are marked during global marking phase and

as lo cal collectors do not collect marked ob jects, all live ob jects will not b e collected.

4.3.4 Pro of of Safety Theorem 2

Safety Theorem 2 : User programs will not b e in uenced by garbage collections.

Pro of

Our algorithms do not changed reference relations of ob jects and not blo ck marking and not

collect live ob jects from Safety Theorem 1. Our algorithm will not in uence user programs.

4.3.5 Pro of of Liveness Theorems

Liveness Theorem 1 : Garbage collection algorithm terminates in �nite time.

Pro of :

W e prove it according to following steps. (1) �nite number of markings as reference traversal

is done. (2) markings are done in �nite time. (3) termination detection is done in �nite time.

32

This time we trace only old ob jects. It is obvious that number of messages in network and

ob jects of global snapshot at starting global marking. All messages and ob jects hav e �nite number

of reference relation and Number of reference relations at global snapshot is �nite. Once a reference

is traced, it is not traced twice and marking is done in �nite number of times at most.

Marking has two types, lo cal marking and remote mark. Marking are blo cked only when lo cal

collectors do not have enough weight. At this case providing of weight is done in �nite time as

it is not blo cked. Remote mark messages arrive in �nite time as Network Assumption, Each type

of marking is done in �nite time. In addition all old messages arrive in �nite time, all marking is

done in �nite time.

(3) is proved at each algorithm, message count scheme and bulldozing scheme. As message

counts scheme, lo cal collectors have no weight and no message counts when marking set is empty .

At bulldozing scheme, lo cal collectors have no weigh t when marking set is empty and as bulldozing

messages are not blo cked by lo cal collectors or mutators bulldozing terminate in �nite time. F or

b oth cases, as marking is done in �nite time and all weight and message count is returned to host,

GC host noticed achievement of terminate condition, if no message is in loss in network as Network

Assumption.

Liveness Theorem 2. : Every Garbage Ob ject will eventually b e collected.

Pro of :

If an ob ject is garbage at global snapshot at starting global marking, it is not accessible from

any live ob jects or messages and it is not marked during marking phase.

If an ob ject b ecomes garbage during global marking phase, it is marked and not collected during

the marking phase. However it is garbage at b eginning of next global GC, and collected by the

33 global GC or previous lo cal GC.

34

Chapter

5

Performance Ev aluation

This chapter presents implementation of our distributed garbage collection algorithm on AP1000

and evaluate two schemes, message count one and bulldozing one are compared.

5.1 Machine Environment

W e chose AP1000 as a target machine. AP1000 consists of 64 - 1024 cells and host computer as

SUN-4/330 one CPU workstation. Each cell has one SP

ARC pro cessor with 16 MByte memory

and 25 MHz cycle clo ck.

Cells and host are connected with T-net and B-net and S-net. B-net is a broadcast network

that is used communication b etween host and cells. S-net is for synchronization b etween cells.

These two networks are not used in our implementation. T-net is a two-dimension torus netw ork

for communications b etween cells. No de to no de FIFO communications and X-dimension, Y-

dimension, XY-dimension broadcasts are provided. It is controlled by the routing chip called R TC

[3]. R

TC’s transfer rate is 25MB/s p er channel (connection b etween next no de) and its transfer

delay is 160 + 160 � distance + 160 � messag e � l eng th(w or d) (ns).

35

Figure 5.1: AP1000 Architecture

36

5.2 Memory Allo cation

Our lo cal collectors hav e 2 generations to reduce overhead of GC. When lo cal collector do es GC

over generation, generations of all live ob jects are raised to old generation. On global garbage

collection we can not get consistency b etween each no de’s generation, GCs over generation are

done.

AP1000 do es not have enough memory protection mechanism to do incremental copying GC

b ecause it is not actual to check whether it is marked or not for all reading. Our collector seldom

change addresses of ob jects.

Ob jects are only space that is referred from other no des, their addresses are not changed. Their

allo cation is done with �xed size chunk with bidirectional link. Marking to chunks are done with

copying from new space to old space with changing link and no sweeping is needed and W e can

exp ect e�ects of doing generational GC with requiring no sweeping.

W e can use heap to allo cate arrays and records. References to heap area is managed through

indirection tables to enable compaction at GC over generation. GC for heap area is done with

mark and sweep. we can exp ect e�ects of doing generational GC with compacting old generations.

Each allo cated ob ject has tag bit for GC. Two tag bit is used to represent contents of one word,

as contents have 3 data type, ob ject p ointer or heap or non-p ointer.

5.3 Bulldozing Algorithm

Routing scheme of AP1000’s B-net is as in [3] and FIFOness of communication b etween no des

are guaranteed. Messages are routed through X-dimension and then Y-dimension. Shorter side of

torus network is used.

AP1000 is implemented as messages may pass messages from another no de in physical network.

37

T o bulldozing X-dimension messages, it is not enough to send bulldozing messages to go around.

This time we use following algorithm to do bulldozing b ecause messages are not passed by ones

from the same no des in AP1000. No de’s p osition is presented as (X ; Y ). GC host is assumed to

b e (0; 0).

1. GC host broadcasts announcement messages of starting of global GC and bulldozing to all

no des.

2. All no des send bulldozing messages in two directions, + and � of X-dimension by half distance

of X-dimension to bulldoze messages from each no de.

3. Receiving X-dimension bulldozing messages, no des p ositioning (X ; Y ) send acknowledgemen t

messages to no des in p osition (0; Y ).

4. Receiving all the ackno wledgements of X-dimension bulldozing messages, no de (0; Y ) knows

termination of X-dimension bulldozing on this row. They send X-dimension broadcast mes-

sages to start Y-dimension bulldozing.

5. Receiving messages to start Y-dimension bulldozing, each no de sends bulldozing messages in

two directions, + and � of Y-dimension by half distance of Y-dimension to bulldoze messages

from this row.

6. Receiving Y-dimension bulldozing messages, no des p ositioning (X ; Y ) send acknowledgemen t

messages to no des in p osition (X ; 0).

7. Receiving all the ackno wledgements of Y-dimension bulldozing messages, no de (0; Y ) knows

termination of Y-dimension bulldozing on this column. This guarantee no old messages will

38 arrive in this column in the future. No des announced termination of Y-dimension bulldozing

on this column to lo cal collectors on this column.

8. Receiving announcements, lo cal collectors acknowledge to host. If lo cal collectors have no

weight and active in marking, lo cal collectors have to request to GC host and then send

acknowledgement messages.

9. Receiving all acknowledgement messages, GC host con�rms the arrival of all p ending mes-

sages.

W e present informal pro of of unproved lemmas in section 4.3.1.

Lemma 1.2 : After con�rming the arrival of all old messages, no old message is in network.

Pro of

Our algorithm dep ends on routing algorithm of AP1000 [3]. W e use following features.

� Messages routed X-dimension and next Y-dimension.

� Messages routed through shorter pass for each dimension.

� Messages do not pass by another messages from same no de.

At step 1, we con�rm no old messages are send from each cell. At step 4, it is con�rmed that no

messages exist X-dimension network of each row. At step 7, it is con�rmed that no messages exist

Y-dimension network of each column, and no old messages are arrived at no des of each column. At

step 8, lo cal collectors stop checking messages. At step 9, GC host con�rms that no old messages

are in network.

39

5.4 Implementation

This section presents a way of representing concurrent ob ject-oriented programing environments

used in this time implementation and presents implementation of DGC algorithm.

W e use Remote Continuation Address Passing for remote messages as presented in [9]. A

received message has only sp ecifying a message handler address (remote continuation address)

that dep ends on each sp eci�c message. In our DGC implementation, a message handler also

check messages as a part of lo cal collectors. In message count metho d, message handler check

message’s colors and increment arrival message count by each color. At global marking, marking

from p ossibly old messages are done by message handler, in b oth cases, message count scheme and

bulldozing scheme. As message handler knows tag information of messages, messages need not to

have tag informations.

W e also use low latency remote ob ject creation mechanism presented in [9]. Each no de gives

to each no de sto cks of ch unks for remote creation. At remote ob ject creation, no des get a chunk

from given chunks and return its address as remote created ob jects address and send messages to

create ob ject to owner of chunk.

In our implementing DGC, lo cal collectors and GC host communicates with message passing,

each remote message are handled by each type message handler using remote continuation address

mechanism.

This time we hand-compile N-queen programs to evaluate p erformance of DGC algorithm and

compare tw o schemes, message count scheme and bulldozing scheme. However our DGC is on

exp eriment stage and it is di�cult to identify data type at stack, no metho d call is implemented

using stack. Each metho d call is implemented as allo cating a chunk and saving parameters and

40 put the chunk to continuation queue.

5.5 Ev aluation

F ollowing ev aluation is done at AP1000 with 64 (8 � 8) cell.

At �rst we ev aluate overheads of global marking of each type algorithm, by measuring time of

global marking in environments with no live ob jects. The result is as follows.

T able 5.1: Global Marking Time with No Live Ob ject

message count bulldozing (for

metho d metho d bulldozing only)

7.4(msec) 14.8(msec) 14.8(msec)

Next we ev aluate numbers of messages to do global GC and detect its termination. This

p erformance is done with running N-queen program.

At �rst we examine the case of message count scheme as shown in 5.2. Numbers of weights

request and acknowledgments for termination are less than remote marking messages at averages.

W e can detect the termination of global marking with these messages only . W e can say that

our algorithm require less messages than using acknowledgement for each marking termination.

According to weight request, it is quite less than remote message counts in this case.

T able 5.2: Messages at Global Marking : Message Count Scheme

average max min

remote references 58615 120340 68

remote mark messages 37892 90202 58

marked ob ject 234837 544209 267

old p ending messages 2.23 11 0

global marking time 366.6(msec) 824(msec) 38(msec)

weight request 0.02 3 0

returing of weights 5016 13527 199

overhead msg/ remote msg 0.13

Next we examine the case of bulldozing scheme, 5.3 shows number of messages at messages

do not have their color and 5.4 shows the case of no color for messages. Comparing these tw o

41 versions, we can �nd few deferents. Opp ositely in b oth case bulldozing time is quite similar

to global marking time. This means that terminations of global marking are often restricted

by terminations of bulldozing. This o ccurs in the probability of 70This fact do es not indicate

bulldozing is not actual, b ecause 5.1 shows that bulldozing can complete in short time. Each

bulldozing message is sweeping via some no des and at each no des the message waits for b eing

pro cessed by message handler. Latency b ecomes long as each cell or network tra�c b ecome heavy .

If some hardware supp orts that relay bulldozing message with low latency or that interrupts for

some kind of remote messages as bulldozing, bulldozing b ecomes more actual.

T able 5.3: Messages at Global Marking : Bulldozing Scheme (with No Color)

average max min

remote references 49284 131154 5

remote mark messages 36383 104503 5

marked ob ject 239218 552378 41

bulldozing time 380(msec) 887(msec) 31(msec)

global marking time 394 (msec) 887(msec) 35(msec)

weight request 0.015 1 0

returing of weigh ts 4088 18743 68

bulldozing messages 320

overhead msg/ remote msg 0.12

T able 5.4: Messages at Global Marking : Bulldozing Scheme (with Color)

average max min

remote references 45420 117447 101

remote mark messages 32096 88442 81

marked ob ject 233612 536618 475

global marking time 387(msec) 810(msec) 34(msec)

bulldozing time 380(msec) 810(msec) 36 (msec)

weight request 0.017 1 0

returing of weigh ts 3309 15148 136

bulldozing messages 320

overhead msg/ remote msg 0.11

In b oth cases, the number of messages which are sent for returning weigh ts or requesting for

weights is 11 - 13However, our DGC using bulldozing scheme takes more time than message count

42 scheme, b ecause remote marking sometimes terminates b efore the termination of bulldozing. Using

bulldozing scheme on our algorithm is sup erior in the p oint that algorithm using bulldozing scheme

can work without colors and any ov erheads are needed in sending remote messages. If bulldozing

or some kind of network clear op erations are supp orted, using bulldozing metho d in our DGC will

b e faster ones.

43

Chapter

6

Conclusion and F uture W ork

This thesis presents an distributed garbage collection algorithm that have lo cal GC and mark-and-

sweep type global GC, and not blo ck mutators. T o reduce overhead of global marking we use a

message count scheme and a bulldozing scheme that do not send ACK messages to sender no des.

A termination detection algorithm is used that use weight as lo cal collectors as units.

Our DGC algorithm gives weight to each marking activities and returning of weight or request-

ing for weight or con�rming the arrival of all old messages are done as overhead. In our DGC

algorithm, it is ascertained that number of messages for ab ov e overhead are less than that of re-

mote mark messages through actual implementations. F or our algorithm using bulldozing metho d,

termination of remote marking sometimes catch up with bulldozing termination and bulldozing

often b ecomes the b ottleneck of our algorithm in our implementation on AP1000. This is b ecause

bulldozing messages often waits for b eing handled by pro cessors. As bulldozing metho ds do es not

require coloring messages, it may b e in actual use when some hardware supp orts are o�ered.

Our DGC algorithm is not fault tolerant b ecause the termination condition of global marking

in our algorithm do es not consider any kind of fault. If message are lost, arrival message count

or weigh t for GC are missed and our termination condition is not satis�ed. Lo cal collectors are

waiting for GC termination, and can not start other GC. W e hav e to devise a system recoverable

44 from fault. W e also need to consider reducing global marking overhead. Global marking over many

no des requires overhead and to reduce this ov erhead some sort of hierarchical system is required.

Since our DGC do es not require messages to have any information ab out sending no des, some

information must b e carried in messages to do hierarchical DGC.

45

References

[1] Lex Augusteijn. Garbage collection in a distributed environment. In Le ctur e Notes in Com-

puter Science, volume 259. P

ARLE Parallel Architectures and Languages Europ e I I, Spinger-

V erlag, 1987.

[2] D I Bevan. Distributed garbage collection using reference counting. In Le ctur e Notes in Com-

puter Science, volume 259. P

ARLE Paralell Architectures and Languages Europ e Conference,

Spinger-V erlag, 1987.

[3] T ak eshi Horie, Hiroaki Ishihata, and Morio Ikesak a. Design and implementation of an inter-

connection network for the ap1000.

[4] Eric Jul, Henry Levy

, Norman Hutchinson, and Andrew Black. Fine-grained mobility in the

emerald system. ACM T ransactions on Computer Systems, 2 1988.

[5] Bernard Lang, Christian Queinnec, and Jose Piquer. Garbage collecting the world. POPL,

1992.

[6] Niels Christian Luul and Eric Lul. Comprehensive and robust garbage collection in a dis-

tributed system. In Yves Bekkers and Jacques Cohen, editors, Memory Management, volume

637 of Le ctur e Notes in Computer Scienc e. Spinger-V erlag, 1992.

46

[7] Lsab ella Puaut. Distributed garbage collection of active ob jects with no global synchroniza-

tion. In Yves Bekkers and Jacques Cohen, editors, Memory Management, volume 637 of

Le ctur e Notes in Computer Science. Spinger-V erlag, 1992.

[8] Marcel Schelvis. Incremental distribution of timestamp packets: A new approach to dis-

tributed garbage collection. Octob er 1989.

[9] Kenjiro T aura, Satoshi Matsuoka, and Akinori Y oneza wa. An e�cient implementation scheme

of concurrent ob ject-oriented languages on sto ck multicomputers. In Pro c e e dings of the ACM

SIGPLAN Symposium on Principles & Practic e of Paral lel Pro gr amming PPOPP, 1993. to

app ear.

[10] Nalini V enk atasubramanian. Hierachical garbage collection in scalable distributed systems.

Master’s thesis, University of Illinois at Urbana-Champaign, 1992.

[11] Nalini V enk atasubramanian, Gul Agha, and Carolyn T alcott. Hierarchical garbage collection

in scalable distributed systems. T echnical Rep ort UIUCDCS-R-92-1740, University of Illinois

at Urbana-Champaign, Department of Computer Science, 1992. UILU-ENG-92-1720.

[12] Nalini V enk atasubramanian, Gul Agha, and Carolyn T alcott. Scalable distributed garbage

collection for system of active ob jects. In Yves Bekkers and Jacques Cohen, editors, Memory

Management, volume 637 of Le ctur e Notes in Computer Science. Spinger-V erlag, 1992.

47