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Abstract

With the explosive growth of the Internet and distributed co mputing, disributed garbage collection
(DGC) has become a very important area of research. Single-processor garbage collection is by itself
one of the challenging areas of research in computer scienceln distributed environments, the problem
of garbage collection becomes even harder and more challerigg. This is mainly due to the additional
overhead that is incurred by network communication and glob al sychronization. While most research
e orts in DGC algorithms have focused on designing determin istic and correct algorithms, this work
is a rst attempt to introduce randomization techniques to D GC. We propose two approaches that
could be applied in active objects systems and one approach hat could be applied in actors system. Our
mathematical analysis has shown that randomization acheiv es faster algorithms without highly impeding
the accuracy and correctness of garbage collection.

Introduction

Extensive research has been done in the area of distributedagbage collection [1]. Collecting garbage
manually in large scale destributed systems can be very contgx, if not impossible. Finding an e cient
garbage collection algorithm for distributed systems stil remains an open area of research. Distributed
systems become increasingly complex due to remote referess; inter-site cyclic garbage, communication
latency, synchronization and scalability. Maintaining a decentralized global view of both reachable and
unreachable objects is di cult mostly because of the following reasons:

Di erent nodes of the computation can either fail or experience communication problems with other
nodes during the operation of garbage collection. This coul lead to an inconsistent state.

Remote references have a very dynamic nature. They can be atd, moved, and deleted. It is di cult
to determine if an object is still reachable by any other active object in the system.

A reference could be identi ed as garbage and reclaimed wheit should not be, ie. while a reference
to it is still in transit.

Distributed garbage collection algorithms often necess#te maintaining a global state and hence global
or at least partial synchronization: two traditional probl ems that are very hard to solve e ciently in
distributed systems, especially as the size of the system imeases.

Many algorithms have been proposed to tackle the problem of grbage collection in distributed systems.
Most of them have emerged as an adaptation of the ideas deveded for single-processor, single-address-
space systems. In distributed reference counting [3], eagbublic object contains a reference count, which is



incremented every time a reference to it is copied and decreemted every time a reference is discarded. To
handle remote references, control messages are sent anyéran increment or decrement operation needs to be
performed on remote references. However these algorithmsuc result in the creation of dangling references.
In addition to that, they are not scalable since a control mesage has to be sent any time a reference is created,
duplicated or deleted. Many algorithms have been proposedad improve on distributed reference counting
by transferring successively more state information to thereference [13]. However, indirect identi cation
schemes do not solve memory leaks caused by cyclic garbagehelconcurrent mark and sweep [7] algorithm
su ers from the generation of large communication overheado ensure concurrency of the garbage collection.
It also uses a stop the world technique for global synchronition that causes delays proportional to the size
of the distributed environment.

These solutions and many other ones are quite slow, mainly deito global synchronization or partitions,
which highly hamper performance as all the computers in the artition must globally handshake and agree
not to change their state. Slow and non-cooperative sites aga also cause extremely poor delays. The
indeterministic nature of communication latency and processor load cause these systems to remain very
un-scalable.

Traditional distributed garbage collection algorithms focus primarily on soundness and completeness,
and in doing so have greater processing and communication geirements. However, in many large-scale
distributed systems the occasional failure is not only toleated, it is the norm. We present in this paper
some randomization approaches to distributed garbage cadction. We propose a randomized algorithm
for distributed reference counting. We also analyze some radomized techniques that attempt to sample
e ciently the space of references or actors to be garbage ctdcted based on the lifetime heuristic in case of
references and the inactivity heuristic in case of actors. @nilar techniques have been used in Generation
Reference Counts [7] and Generation Scavenging [10], whiclse the observation that references usually die
young. Our approach di ers from them in that we use randomization techniques to acheive faster algorithms.

2 Related Work

2.1 Distributed Reference Counting

Distributed reference counting (DRC) has been the most widéy adopted technique to implement distributed
garbage collection. In single-processor's reference cding systems, every object is assigned a counter that
keeps track of all the references to this object. Any time a ne reference to the object is made, the counter
is incremented and anytime a reference is destroyed, the coter is decremented. The object is considered
garbage and its space is safe to reclaim when its counter bems zero (when it is not reachable by any other
object). Distributed reference counting introduces the cacept of remote references. A reference becomes
remote when it is sent to another node in the network. In this @ase, maintaining an accurate view of the
reference counters would require the exchange of messagestheen nodes when new references are created
or deleted to a remote object. In a distributed environment, additional issues emerge such as latency,
delays, message losses, and synchronization. Naive extenss of single-processor RC are not enough to
address all the issues associated with distributed systemd-or example, a race condition between increment
and decrement messages may cause the counter of an object t@ llecremented before it is incremented.
This could result in having a counter of zero temporarily and garbage collecting the object while it is still
referenced by some other remote locations.

Di erent algorithms have been proposed to address the issueof DRC. Lermen and Maurer [9] addressed
the issue of prematurely decrementing counters by introduing create and acknowledge messages in addition
to increment and decrement messages. Any time a referencedspied, a create message is sent to the reference
owner. This latter increment the reference counter and sensl an acknowledgement message to the sender.
Similarly when a reference is deleted a delete message is sémthe reference owner. Decrement messages
can only be sent when the number of references that exist is @@l to the number of acknowledgements



sent. Birell et al. [5] proposed a similar algorithm that avoids the decrement race condition by using
acknowledgements and more synchronization between the dibuted garbage collector and mutators.

Another scheme was proposed in [4] that attempts to solve th@ace conditions of increment/decrement
messages by using weighted reference counting. In this sahe, a weight is initially assigned to a reference.
The weight of the object is the sum of all the weights of its reérences. When the rst reference is created,
the object and its reference are given the same weight. When eeference is deleted, a message is sent to
the reference owner with the reference weight, which gets dieted from the total weight. When the reference
is copied, the weight gets equally divided between the two goies. One problem that might occur with this
algorithm is to reach the case when the reference weight cam be divided any further. Indirect Reference
Counting is another technique for garbage collection. Thisalgorithm does not use increment messages. It
relies instead on a representation of the path along which tk references get propagated in a distributed
system. The path is referred to as a di usion tree where everyprocess should maintain a reference counter
for each reference it holds. The discussed algorithms for DR result in many messages being exchanged
between the di erent nodes in the distributed system rendeing DRC a very expensive and non-scalable
algorithm.

2.2 Active Objects Garbage Collection

Active objects are widely used in distributed systems. Objets and processes associated with them are both
integrated in one entity called an active object or actor. Gabage collection in active object systems is a
very crucial task because active objects consume not only nmeory but also other resources such as network,
CPU, and storage resources. An object is considered garbage these systems when it cannot potentially
call a root object, nor be called by a root object. This makes @tecting garbage in active objects systems
a signi cantly more di cult task. Kafura [8] proposed a cent ralized algorithm to address GC in active
object systems that is based on the marking and sweep algohim. This algorithm marks objects using three
di erent colors (white, grey, and black). White objects cannot interact with any root object. Grey objects
are sleeping objects who could potentially interact with a oot object if they become activated. Black objects
are non-garbage. The algorithm builds a reachability graphof the di erent objects in the system. Initially
all objects are colored white except for the root objects. Tlken according to a set of rules that depend
on the reference structure of objects, the algorithm marks he objects with either grey or black until no
possible marking is done. At the end, all white objects are cosidered garbage and they are safe to reclaim.
To remove the bottleneck associated with centralization, kabelle [11] proposed a distributed extension to
Kafura's algorithm. In this algorithm, a set of local garbage collectors are loosely coupled with a global
garbage collector that maintains a global snapshot of the réerences in the system's state.

3 Approach

The major problems in implementing a distributed garbage cdlection scheme are minimizing its impact
and achieving high levels of scalability. To minimize the inpact of the garbage collection scheme we must
minimize network communication and avoid pausing the comptation (as it is done in algorithms requiring
partial or global synchronization). Eliminating synchron ization between nodes in the distributed system also
allows the garbage collection scheme to become much more $lale, as each additional node required to
be synchronized involves a large amount of additional overbad. Coordinating a garbage collection scheme
between a large number of nodes is not only extremely di cult but also very time consuming due to the
amount of network communication required.

We propose three approaches to dealing with these issues tmgh randomization: Lifetime-Based Garbage
Collection (LBGC), Randomized Reference Counting (RRC), aad Dormancy-Based Garbage Collection
(DBGC). The rst two approaches are suitable for referencesand active objects in general, while the third
approach is more suitable for actors. LBGC tries to sample tle references space using the assumption that



references usually die very young or very old. Once a sampleab been determined, a deterministic distributed
garbage collection algorithm can be used to collect referaes pertaining to this sample. This approach will
improve the performance of garbage collection if the samplehosen has a very high percentage of garbage.
By reducing the sample of the references to collect, we redecthe overehead of GC and also the overhead
of network communication. RRC requires some inter-object &nd thus network) communication, but seeks
to minimize this communication through randomization and delayed partial broadcasts. RRC will provide
greater accuracy and quicker removal of garbage objects, ahe cost of a more complex garbage collection
scheme and more network communication. RRC also allows fortte collection of active cyclic garbage, a very
di cult problem in current distributed garbage collection strategies. Dormancy-Based Garbage Collection
uses the inactivity of an actor's mailbox to predict whether it is a garbage or not. This approach is similar
to LBGC algorithm. This heuristic is also used to reduce the ator space that will be collected.

3.1 Lifetime-Based Garbage Collection (LBGC)

Generational garbage collection algorithms have improvednany garbage collection algorithms using heuris-
tics that predict the lifetime of references and improve the caching and paging behavior [12]. These al-
gorithms are based on the assumption that young objects hava shorter life expectancy than old objects.
Generational garbage collectors manage to reduce the ovezhad of grabage collection by clevery selecting the
subsets or generations of refernces that will be garbage detted. The choice of the generation to collect is
very crucial. If these algorithms select a generation that lppens to have a very low percentage of garbage,
the performance of the algorithm decreases. In real progras) the assumption that young references have a
short life expectancy is usually true. However once a referee becomes old, chances that it is a dead refer-
ences icrease also. We propose a randomized garbage collettalgorithm that is based on the assumption
that in young and old generations of references, the probality of having garbage is high. Therefore, a good
sample for garbage collection should include both young andld generations.

3.2 Randomized Reference Counting (RRC)

In RRC, each object contains a list of references to other olgcts (this is trivial as most objects already
contain this information). Periodically, that object will send keep alive messages to the objects it has
references to, additionally these keep alive messages wilpecify if the object is root reachable or not. Each
object keeps track of the objects that have references to itand if those objects are root reachable or not.
In this manner we can determine when an object is not reachalel by the root and therefore garbage.

Using a method in which each object broadcasts keep alive msages to all of its references will result
in a massive amount of overhead. Race conditions must also baealt with, adding even more overhead (as
is done in normal distributed reference counting). To avoidthese problems, an object periodically chooses
references randomly to send keep alive messages to. Each jpeh; an object removes references based on the
probability that the reference has been removed. We know thé probability due to the probability of the
referee sending a keep alive every period. Additionally, wadd a "fudge factor" to this probability, to deal
with race conditions and errors in the network which could dday (or prevent) the reception of a keep alive
message. In this manner we minimize the overhead of distrited reference counting, while still obtaining a
tight bound on the probability of a reference (and thus the probability of an object) being garbage.

Additionally, RRC can also make use of a two-tierd system of grbage collection, serializing objects to
disk when they reach a certian threshold of being garbage anthen nally collecting them from the disk
after a much more stringent threshold has been reached.

3.3 Dormancy-Based Garbage Collection (DBGC)

In the previous two approaches, we presented randomized adgithms for garbage collection for references.
DBGC is a randomized algorithm for collectiong garbage in ative actors systems. Actors [2] are entities



that encapsulate both the process and its state. Each actor pvides a communication interface to other
actors. Each actor has a unique name, which is used as a refex® by other actors and a message box
where messages from other actors are placed to be processatef on. Communication between actors is
purely asynchronous. DBGC also tries to sample a good colléion by randomly selecting a subset that is
most likely to have a very high percentage of dead actors. Théeuristic that is used in this algorithm is the
inactivity of the mailbox of an actor. The assumption used hee is that the longest time that an actor has
not received any message, the higher the probability that itis a dead actor. The algorithm will be triggered
in rounds once a certain threshold for the number of actors pesent is reached.

4 Randomized Reference Counting
4.1 The protocol

Given a set of variables:

A An active object

G The set of all current garbage objects

RR The set of all objects reachable by the root
RR=G

S = {s1,52,.-:5n} A set of n known source references,

sj = 1 if the source is root reachable
sij = 0 otherwise
T={t1,t2, ..., tm} A set of m target references

And user-de ned probabilities:

M The probability of any message being lost

Mns The probability of a update reference
message not being sent.

T The threshold probability, ie. when an actors

probability of being garbage is greater than
this, that actor is collected.

And the following protocol:

< Once per period, each active objecA sends anupdate reference message to each known target reference
t; [T, with probability 1 —Mps. This message contains a bit set to 1 ifA is root reachable, O otherwise.

< If A recieves a new reference, add the target of that message 1 and send anew reference message
to the target of that reference, with a bit set to 1 if A is root reachable, 0 otherwise.

< If A receives anew reference message, do not collect it at the end of this period, and add tk source
of that reference to S ass; set to 1 if the source of thenew message was root reachable, O otherwise.

= A referencet; or s; is removed fromT or K, respectively, if the source oft; or the target of s; is
collected.

« If at the end of a period which no new reference messages have been receivedr(A Q) > T, collect
A.



We can de ne the probability that actor A is garbage in terms of the probability of not receiving a new
reference message if a reference was propagatetii(M) and the probability that the sources of all s; are RR.

Pr(A CQ)= Pr(no S CRR) —Pr(NM)
Pr(NM) is the probability of at least one reference being propagadd and A not receiving anew message
from the active object that reference was propagated to. In ay period, any reference can be propagated

to any number of other active objects. If O = {01,02,...,0n} is the set of all objects andNM(0;) is the
probability that there was a reference propagated too; and no new message was receieved by A,

Pr(NM) <= NM(o01) *x NM(02) % ... < NM(op)

Since the probability of a reference being propagated to artbher object and no message being recieved
is simply M;, Pr(RP) can be bounded as follows:

Pr(NM) < M,

We can de ne Pr(no S [CRIR) as the probability that no source of s is in RR,
Pr(no S [RR) = Pr(s; YRR) xPr(s; FRR) x...xPr(sh, I'RR)

with the probability that s;j /' RIR if A received a message from the source 6f in the last period as:
Pr(si IRR) =1—|sji — M|

and otherwise, whereP r(Pns,i) is the number of periods that A has not received anupdate message from
the source ofs;,

Pr(si IRR) < 1— (1 — M, — Mpg)Prs+.

4.2 Protocol Analysis

To measure the performance of RRC, two analyses are providedrirstly, we measure the impact RRC will
cause on a distributed system, in terms of message sendinge®ndly, we measure the expected number of
periods for an object to be collected once it has become garba, and bound this value.

The RRC protocol sends M,s CR messages each period, where R is the number of references het
system. Additionally, each time a reference is propagatedanother message send is incurred, so the upper
bound on message sending per period, where O is the number afteve objects, is:

O(In(Mps [R + R [O)) or O(In(R [O))
The expected time for an object to be collected once it's in tle set of garbage objects can be found as
follows, using the fact that an active object is collected oty if the probability that it is garbage is greater

than the threshold.

T< Ii‘E(P r(no S [RR)) — M,
E(Pr(si FRR))=(1 —|[si — M|) L — M + Mps) + ( M| + Mps) [ — (1 — Mj — Mpg)Prsii)

If this object @, then s; =0. With M = M| + Mg,
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Figure 1: Modeling the probability of lifetime of references using the Normal Distribtion. The gure shows
a normal distrubution with mean p and variance o

E(Pr(si IRR))=(1 —M;) [A—M)+ M (L — (1= M)Prs)

Pns,i can be seen as the number of periods that have elapsed sinceetbbject has become garbage. Therefore
Pns.i is the same for everyi and we label it asPns. Solving for Pis gives:

T= |il((l—l\/l) (A—M)+ M LA —(1—M)Prs)) — M,

Prs = In(1 — &AM EA=MYy /11 — )

5 Lifetime Based Randomized Garbage Collection
5.1 The Algorithm

We have chosen the normal distribution to model mathematicdly the lifetime probability of references.
The normal probability distribution desribes the life expectancy of every reference. As Figure 1 shows, the
youngest and oldest references have a very short lifetime pbability. In other words, these generations are
expected to have a very high percentage of dead references.

Let p be the mean time of the distribution and ¢ be the variance. If a referenca has agex;, then the
probability that this reference will be alive is:

—0=w?
Prixi] = —~/—=e" 22 1)
0 2n

Garbage colletcion will be triggered priodically once the &ailable storage reaches a certain threshold.
Let S be the set of all references that still exist in memory beforea certain garbage collection round. The
list S will be sorted increasingly according to the age of the refanes. In other words, the lowest indexes
will contain the youngest references and the highest index®will contain the oldest references. The meanqu
and the variance o of the set S will be calculated for each round. LetS; be the set of regerences who age
belongs to the interval [u — o, W[ and S, be the set of references whose age belong to the interval,ju + o]
(see Figure 2).
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Figure 2: Structure of the sorted set of reference$

The algorithm proceeds as follows:

For each round, do

1. Sort S based on the age of the references.

2. Calculate the mean timeu and the varianceao of S

3. Pick two random valuesi and j from the setsS; and S, respectively.
4

. If coin = HEADS then garbage collect using a deterministic distributed garbage colelction algorithm
(DBGC) all references whose indexes are less thanelse garbage collect all references whose indexes
are greater than j using a DBGC algorithm

5.2 Algorithm Analysis

In this section we will try to bound the probability that the r efrences in the subset chosen are alive or not
garbage. Letp be the probability of chosing the refrences and j from the subsetsS; and S,. Let N be the
size ofS. The probability P that an element chosen for collection is not garbage is at mas

—(xp — )2 | —(xL—1)2
p=upx 't e L e

k=j O 2mn K=y 0 21

IE E:!_ 2 I Z!_ 2

P= v p e+ e
20 2n K=j k=1

b Ly —oac-w? L1 —ca—w?
If we assume thato > 1, we haveg < 1. We also have ,_;e™ 27+ e 22 <1 We
conclude that P < -A-.

6 Dormancy Based Randomized Garbage Collection

6.1 The Algorithm

Let S be the list of actors present before a given collection roundLet N be the size ofS.



1. Sort the list S based on the inactivity time of actors. The list should be soted in increasing time of
inactivity.

2. Randomly pick an index j from 1...N.

3. Apply a deterministic actor garbage collection algorithm to the subestS; that consists of all actors
whose index is greater thanj.

6.2 Algorithm Analysis

In this section, we will try to bound the expectation of the number of active actors that are still alive in the
subset chosen for garbage collection. To model a system ofta@ actors, we choose the radioactive delay
model. This model has been proved to useful only for long-lied objects [6]. In this model, a probability
distribution function describes the life expectancy of evey object. The model uses a parameteh called the
half life cycle. For every object that is alive at time to, the probability that this object will be alive at time
t+ to is 27¥P. The probability that this object will be dead is 1 — 27¥". Using this model in an actor
system, if an actor has a mailbox inactivity of a duration d, then the probability that it is a live actor is
279/h  Note that as the inactivity duration d increases the probability that the actor is alive decreasesSo
the radioactive decay model gives a good representation of system of actors.

Let Xjj be a random variable of a given actor i in the sorted list that belongs to the randomly chosen
subsetS;. This random variable is de ned as follows:

1 ,if actoriis alive

Xij = 0 ,otherwise

v | v |

The expected number of live actors in the randomly selecteduhest is =1 i} E[Xij] since all these

random variables are independent.

E[Xi] = pij + (1 —pij) <0
= Pij
1 2—i/h

= — X

Let us try to bound this expectation:

L - | h

E[Xi] = — <27
i=1i>j i=1i>j
_ I’__Nll'l_ltl_ x o—i—k/h
j=1 k=1
1 —j/!1 = —kZh
= N 2 ( 2 )
j=1 k=0
N—j+1
e
N i=1 1_2—1/h
1 —
T Na—zvml @ h— 27

i=t



N+1

1 1—-277m

= [ —1—N x2"""]
_ 1 _anl— 27N —N/h
- N(1— 2-/h) x2 [1_2—1/h —N(@2 )]
1
N7 — 1)

We conclude that the expected number of live objects in the radomized subset is very small.

7 Conclusions and Future Work

We have provided mathmatical analysis for the di erent prop osed approaches. Our analysis has proved than
randomization can be used to speed up currently existing gdrage collection algorithms, when soundness of
the algorithm is not necessary.

RRC shows that much of the complexity of the reference countig algorithm can be removed when
the more complicated issues are bounded by certain probalifies. Additionally, the RRC protocol can be
tuned by a user to collect garbage as e ciently as possible. B increasing the period in which the protocol
operates by, the number of additional messages incurred byhte protocol can be decreased. Also, the user
can determine how accurate the garbage collector is, at theast of collecting garbage more slowly. Due to
message loss being built into the protocol, RRC can operate nder less than perfect conditions in which
messages are lost frequently, as well as use faster protosauch as UDP. RRC as it is currently developed
uses some loose bounds, which could be tightened to increaite accuracy in garbage collection and futher
improve the speed of the algorithm.

Both the LBGC and DBGC approaches show that the reduced spacéhas a very large percentage of
garbage. Very few dead objects are expected to remain in thetloer objects not sampled. If they are
garbage, their age or inactivity time will be increased and hey will be collected later on in future rounds.
This approach is very useful in improving the performance ofgarbage collection as well as improving paging
and reducing memory fragmentation. Parameters such as theréquency of the rounds of garbage collection
could be tuned depending on the underlying systems, the fragency of communication, and the available
resources.

As future work, We plan to empirically test the results of the proposed protocol and algorithms RRC
using the SALSA progamming language and WWC middleware; to ee how the algorithms could be improved
even more.
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