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Abstract ory management is minimal; and, it can be easily extended
to support advanced concurrency control semantics [4],
The paper studies the impact of several lock manager de-which will be supported in future versions of PJama.

signs on the overhead imposed to a persistent programming PJama differs from most multi-user persistent pro-
language by automated object locking. Our study reveals gramming languages (PPLs) and object-oriented databases
that a lock management method basedark state shar-  (ODBMS) in that all transactions execute within the same
ing outperforms more traditional lock management designs. address space, and can directly access both transient and
Lock state sharing is a novel lock management method thatmemaory-resident persistent objects. This architecture re-
represents all lock data structures with equal values with a quires sophisticated lock management, such as that used in
single shared data structure. Sharing the value of locks hascentralized relational database systems, to mediate the di-
numerous benefits: (i) it makes the space consumed by theect accesses to objects by transactions.
lock manager small and independent of the number of locks
acquired by transactions, (ii) it eliminates the need for ex- 1.1. Problem Characterization
pensive book-keeping of locks by transactions, and (iii) it

gznables th.e use of memoization techniques for whole lock- Programming systems that thightly couple a transaction
ing operations. These advantages add up to make the re-

. : i i ith a high-level ing |
lease of locks practically free, and the processing of over processing engine with a high-level programming language

. . usually include in their runtime a component that automates
0,
99% of lock requests between 8 to 14 RISC instructions. the requesting of locks on behalf of executing programs.

Automated locking both simplifies the programmer’s work

and avoids depending on the programmer to always formu-
1. Introduction late well-formedtransactions, that is, transactions that exe-

cute an operation on an object only when they own the lock

The PJama Virtual Machine (PJVM) [1] is an extension of that object in the lock mode corresponding to that op-
of the Javd™ Virtual Machine (JVM) [2] with orthogo-  eration. In a PPL, automated locking is accomplished by
nal persistence [3]. From the outset, the PJama project hagransparently augmenting programs with small sequences
aimed at a flexible and integrated transaction (FIT) envi- of instruction, called dock barriers, that issue lock request
ronment, where every computation runs in the context of to the lock manager (LM) when it is appropriate to do so.
a transaction, and all objects, irrespective of their type and Ideally, a transaction needs to request the lock of an ob-
lifetime are under transactional control [4]. The FIT com- ject it accesses only once, before its first access to that ob-
bination of type safety, systematic confinement of compu- ject. Identifying ahead of time the first access to an object
tation in transactions, and automatic enforcement of trans-by an arbitrary program is, in general, impossible. A prag-
actional properties, offers a robust environment that makesmatic solution is to precede every object access with a lock
it unnecessary to use separate virtual machines (and therebarrier, and rely on compiler analysis to identify and remove
fore, separate operating system processes) to defend persigs manyedundantiock barriers as possible.
tent applications against each other’s errors. Implementing automated locking at the granularity of in-
One of the main obstacles to applying the FIT approach dividual objects in PJama is challenging. First, the size

to PJama is the absence of sound technology to efficientlyof objects is small, typically between 16 to 42 bytes [5],
support automated concurrency control. We favored lock- while transactions can be very large. For instance, the OO7
ing over other concurrency control techniques for two main benchmark [6], which is believed to reproduce the behavior
reasons: its impact on PJama'’s already sophisticated memef a typical PPL application, defines elementary operations



that access 60,000 objects for small-size databases. Thisf looking up the lock hash table for an existing LCB, and
requires space-efficient lock management that scales welbllocating one if none was found. Then, the LRB chain is
with the number of locks. Second, the characteristics of thesearched to find the LRB of the requester. If none is found,
Javd'™ programming language complicate the elimination an LRB is created for the requester to represent either a
of redundant lock barriers. Dynamic class loading preventspending or a granted request, depending on what the con-
the use of global optimization, the costs of which cannot be flict detection diagnosed.

afforded at runtime anyway. The absence of effective meth-  Rather than revisiting this design, database implemen-
ods for removing unnecessary lock barriers results in fre-tors have focused on reducing the number of calls to the LM
guent unnecessary lock requests (99% as indicated by ouand the overall number of locks used by taking advantage of
measurements). Lastly, persistent objects typically residethe physical organization of data into container hierarchies,
for a substantial amount of time in main memory so that the limited number of access paths to the data, the seman-
the use ofwizzlingtechniques [7] to translate them into a tics of operations on data, and the query-oriented nature of
main-memory format suitable for direct manipulation pays accesses to the data (range-locking techniques [19, 20] il-
off. Thus, accessing a persistent object often costs as littlelustrate this well).

as a main-memory access. Hence, each instruction added by The introduction of main-memory database systems has
a lock barrier to an object access has dramatic performancehanged the trade-off between tuple access and lock man-

consequences. agement costs, making the database community look closer
at the performance of lock operations. The main novelty
1.2. Related Work is the replacement of the hash table that maps locks to

the resource they protect, by direct pointers from resources
(e.g., tuple) to locks [16], since locked resources are always

architecture similar to that of PJama, which combines di- memory resident. To reduce the high cost both in terms of

rect access by concurrent transactions to a shared heap groace and processing overhead of record locking, lock de-

objects with automated fine-granularity locking. PPLs that escalation techniques [16] gnd cheap-first Ipcks [21] were
. i suggested. The former relies on the premises of a query
offer transactions (e.g., [8, 9]) leave the responsibility for ; o O
processing programming interface, built-in indexes, and a
concurrency control to the programmers, who have to man- : . .
: small fixed number of paths to data, and is therefore inap-
ually set locks. Most ODBMSs have adopted a client-server . . .
. : ; . propriate for PPLs. We used a variant of the later in one of
architecture, where clients supply each transaction with ihe implementations studied in this paper
private buffer of objects [10, 11, 12, 13], or a private buffer P paper.
of pages [14]. Some ODBMSs (e.g., [15]) combines direct
access by multiple transactions to a shared page buffer poof--3- The Focus of the Paper
with page locking in order to use virtual memory protection _ o . o
to automate the acquisition of locks. This approach elim- ~ Our previous work revisited the underlying principle of
inates the need for efficient software-only read and write I0ck management to eliminate the components of a LM that
lock barriers. However, it constrains the granularity of locks do not scale with the number of locking units. The re-
to be a multiple of the page size, it requires a separate ad-Sult was a novel approach which we calledk state shar-
dress space per transaction, and it prevents objects froning [22]. Lock state sharing was shown to dramatically re-
moving from their original virtual page. duce the space overhead of object locking.

Enabling direct access by concurrent transactions to a  This paper focuses on the processing overhead of auto-
shared heap requires a sophisticated lock manager, such @ated locking. Our previous work was rather inconclusive
those used in centralized relational database systems. Th#ith respect to this dimension, mostly because of the poor
implementation techniques of lock managers (LMs) have Performance of the version of the PJVM used then — an
not evolved significantly during the last twenty years [16], interpreter-only JVM based on the JBK' version 1.1.7.
and all database systems seem to use some minor variatiohh® PJVM we used this time is based on a state-of-the-art,
of the System R lock manager [17]. The most complete andhandle-less, JVM, that mclgdes be.tter garbage collection
recent detailed description of a LM can be found in [18]. In Support, faster synchronization, native thread implementa-
short, each lock is represented by a data structure called 410N, and a well-tuned just-in-time (JIT) compiler. Itruns 10
lock control block (LCB). An LCB is the head of a list of times faster than the previous one [24], and adds about 20%
lock request control blocks (LRB). Each LRB represents a Of overhead to programs when compared with the original
granted or pending request of one transaction for the lock.JVM itis derived front. This dramatic improvement to the
Transactions keep track of th.elr I.ocks_by chaining all their 1The execution times for OO7 s traversals executed on a transient
LRBs together. LCBs are maintained in a hash table keyedgatabase is 21% slower than with a non-persistent JVM. The SPECjvm8
by resource identifier. Processing a lock request consistsibandjavacprograms are slowed down by 14% and 18% respectively.

We aren't aware of any PPLs or ODBMSs that use an




performance of the PJVM makes it much more sensitive to corresponding to this bit location belongs to the set of trans-
the choice of a particular combination of lock barrier and actions represented by that bitmap.
LM to implement automated locking.

The paper is organized as follows. Sections2to S briefly il 1) ! Locking Context Table gﬁgﬁrgﬁ;ﬂ
describe the LM designs studied in the paper. Section 6 Locking {| data structures
presents how the PJVM was modified to supportautomated, —— - L .1 Contexs || e it )
locking. Section 7 describes the experiments we conducted
to evaluate the impact of the various lock management tech-:
niques on PJama’s performance, and Section 8 analyzes
their results. Section 9 reports our conclusions. 3

X || mapstransaction’s
Locking 1/ threads
__1| tolocking context

| maps transactions to
3 the objects they have
'| locked

2. “Traditional” Lock Management

LS N = T ________!| association between

i | locked objects and
The LM used as the starting point of this study derives ' | thedatastructures

from our previous work on PPL-friendly LMs [25], because (Look Sate) —

it was shown to outperform more traditional implementa- | :

tions (e.g., [18]). However, this LM still shares many ofthe | === = —w = = 2w

general principles of all the LMs we are aware of, so we will

refer to it asTRAD, for “traditional’ implementation. Since Figure 1. The TRADlock manager design.

all the other LMs studied in the paper result from modifica-

tions toTRAD, we review its most salient features below.

The locking context of a transaction comprises its bit
number, a list othread locking contextsand a lock book-
keeper. Thread locking contexts are a thread-private data
o ) ~_ structure used by the LM to service a thread’s lock requests
Fast access to the lock of an object is obtained by storing inyith minimal synchronization between threads of the same
its main-memory representation a direct pointer to its lock. ransaction. Similarly, lock book-keepers maintain a pool of

In constrast to memory-resident database systems [16], W&nread-private growable stacks of references to locked ob-
also face the problem of maintaining the object-to-lock as- jects.

sociation across possible movements of the object between | ocks are implemented dsck stats. A lock state con-

main memory and disk. _ . _ sists of alock type book-keeping data, and an array of
The PJVM, like most persistent object system imple- pitmaps. Each bitmap representsamner seffor a given

mentations, maintains in main-memory an associative ta-|jock mode. A transactiofi’ has been granted a lodkin a

ble, called the ROT (Resident Object Table), that maps mode) if T belongs to the owner sets bfassociated with

persistent object identifiers to addresses in main mem-,,.

ory [10, 11, 24]. When the memory manager evicts an ob-  Thjs design has several advantages: (i) lock data struc-

ject, it first determines whether the object is locked, and if {reg being of fixed size, at most one transaction pays a

so, replace its address in main-memory with that of its lock. memory management operation per lock; (i) the space

The lock pointer thus remembered is re-installed in the ob- gyerhead is quickly amortized as the working sets of con-

ject it protects the next time this one is faulted-in. ROT cyrrent transactions overlap, whereas, with an LRB list, it

2.1. Fast access to locks

entries of unlocked non-resident objects are recycled. increases with the number of transactions [25]; and (iii), op-
erations such as testing and updating lock ownerships trans-
2.2. Compact static representation of locks late into fast logical operations on bitmaps. The size of
bitmaps is chosen to match the maximum number of con-
Figure 1 shows the overall design of tRRADLM. A fixed- current transactions supported.

size bitmap representation of locks was favored over the

classic linked list of lock LRBs. Each active transaction is 2.3. Cheap-First Lock

given alocking contextwhich the LM identifies by a unique

bit number. The bit number also indexes a table of locking In order to reduce both the space and processing overhead
contexts. All bitmaps use the same mapping from locking of locking, the allocation of a lock structure is postponed
contexts to bit numbers, i.e., th&" bit always identifies  until a second transaction requests a lock. This idea, re-
the same locking context, and therefore, the same transacferred to as “cheap-first lock”, is credited to IBM’s IMS Fast
tion. A bit setto 1 in a bitmap indicates that the transaction Path [16, 21]. Cheap-first locking marks objects locked by



a single transaction with a tag that identifies both the lock’s plementing owner sets is larger than the size of a register.
owner and mode. A lock data structure is allocated only
when a second transaction requests a lock on that object. 3, | ock State Sharing

The TRAD LM implements cheap-first locks as fol-

lows. Al unlocked memory-resident objects point to an  The TRADImplementation suffers two major drawbacks
immutablelock data structure set with the unlocked value, it are the consequence of the underlying principles that

and shared among all unlocked objects. The locking contexty e ysed in all of the LMs of which we are aware:ttigre
of each transaction is augmented with two immutable lock js gne Jock data structure per unit of lockingnd (ii), the
data structures that represent the value of a lock owned byjock manager keeps track of the locks of each transaction
that transaction only in, respectively, read and write mode. i order to automatically release them when a transaction
These lock values are called, respectively, the SRO (singléierminates Delaying lock data structure allocations using
read owner) and SWO (single write owner) of the transac- cheap-first locks only helps when transactions rarely over-
tion. The pointers to the SRO and SWO are the tags usedgp their working sets.
to mark objects locked by that transaction only. Thus, the  The|ock state sharingL S technique introduced in [22]
lock pointer of all objects locked by a single transaction in 15 correct the first problem relies on two observations: the
a given mode points to the same lock data structure. number of running transactions is very small when com-
When a transaction requests a lock against an unlockethared to the number of objects they access; and the number
object, it atomically exchanges the lock pointer to the un- of combinations of sharing between transactions is likely to
locked lock state with the lock pointer to either its SRO or pe small. In other words, one can expect many lock data
SWO, depending on the locking mode requested, and addstryctures to have identical values.
the reference of the object to its lock book-keeper. Whena  Therefore, it is advantageous to make two objects with
transaction requests a lock on an object already associate@cks of equal valuepoint to the samehared immutable
with either an SRO or an SWO lock value for another trans- |ock state, and have lock operations change @sgocia-
action, it allocates a new lock data structure, sets its NeWijon petween an object and the shared lock state repre-
value, and atomically exchanges the current lock pointer senting the value of its lock, rather that updating a private
with that of the allocated lock structure before recording |gck data structure. To guarantee that only one shared lock
the locked object. Inversely, when a lock-release operationgtate is used to represent a given lock value, the LM main-
results in a single-owner lock value, the lock pointer of the tains an associative table of immutable shared lock states
locked object can be replaced with the corresponding SRO(T|LS) keyed on lock values. Note that the TILS does
or SWO pointer, so that the space of the previous lock datanot hold all possible lock values: it is initially empty, and

structure can be reclaimed. shared lock states are added to it as needed, when a TILS
lookup fails. Garbage collection techniques determine un-
2.4. Fast-paths used shared lock states and remove them from the TILS.

Automated locking can generate an overwhelming number‘Beforelock(TS,OZ,Read) ‘ After lock(T3, 02, Read) HBeforeIock(TS,OZ, Read) ‘ After lock(T3, 02, Read) ‘

of redundant lock requests, i.e., requests for locks already) [Trditioa Aproa [ Lo Siteharing |
granted. Because rigorous 2PL is enforced, once granted| (o)—~{m3 |r | (od—{L13 |r

a lock is not released until a transaction that owns the lock i w U W ;gm} \F;v :gm} \F;l
completes. To reduce the overhead of redundant lock re- ool

e

(o
. . . . h table of
quests, a transaction can take an inconsistent view of the (2T R | (c2—~{IL12T immule @{ immuaie

- . . . {} w {} w lock states lock states

state of a lock and test if it owns it. Such inconsistent tests
can be small enough to be inlined in the LM's caller. Inthe | (gy»[mmmr | (gTrmsr |(03-=TL2HE
following, we call such small sequences of inlined code a i & w U
fast-path for it can bypass a call to the LM.

The simplest fast-path is a test of the lock pointer of the Figure 2. Locking with  TRADvs LSS
requested object. If it is equal to one of the cheap-first lock
values of the requester, the LM is bypassed. This fast-path
takes only 5 instructions, but can fail often because it coversFigure 2 comparelsSS(right) with the traditional approach
only a few cases of redundant lock requests. (left) using a simple example. It shows a scenario where

A more general fast-path consists of testing the member-two objects O, andO,, have been locked in read mode by
ship of the requester in the owner set corresponding to thetwo transactiond; and73, and a third objec; has been
requested lock mode. This fast-path takes between 8 to 1docked in read mode by transactioiis, 7> and73. The
instructions, depending on whether the size of bitmaps im- state of each lock and the association between objects and
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®
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their lock is shown before and after the acquisition of a read these conditions, keeping track of a transaction’s locks is
lock onO; by T3. efficient.

In the traditional approach, each objectis associated with  LSSinvalidates the above assumptions. Indeed, the total
a private lock data structurd3’s request forO,’s lock is number of shared immutable lock states maintained by the
processed by updating-’s private lock data structures to LMs is expected to be several orders of magnitude smaller
reflect the lock’s new value (i.e., lock owned in read mode than the number of objects locked by a single transaction.
by T, T>, andT3). In LSS O; and O- share the same Hence, to release the locks of a transaction, it is beneficial
lock state which holds the value that the two private datato simply scan all the shared lock states to find those that
structures representing their respective locks would have.represent locks of that transaction, and update their values
Instead of updating the lock state data structure associatedo reflect the effect of a lock release. This relaxing of the
with O, to procesds’s request, the LM searches the TILS immutability of shared lock states raises two issues. First,
for a shared immutable lock state with'’s new lock value, it might generate duplicates of existing shared lock states.
and atomically exchangé’s current lock pointer withthe  Such duplicates do not harm the correctness of the locking
pointer returned by the TILS. Itis crucial to understand that logic, but increase space consumption. Second, synchroniz-
in both approaches, every object is a unit of locking: the ing exchanges of pointers to shared lock states with updates
sharing of lock states of equal value must not be confusedto shared lock states can increase substantially the costs of
with protecting several objects using the same lock. lock acquisitions.

LSSis obtained with minimum changes to thRRADim- The NLSSLM is derived from theLSSLM by elimi-
plementation: lock data structures remain unchanged, ex-nating lock book-keeping data structures and related code.
cept that they now represent shared immutable lock statedVhen a transactiofi releases all of its locks, tHéLSIM
instead of mutable private locks. A hash table of lock data first scans the TILS to find all the shared lock states that rep-
structures keyed on their value implements the TILS. Lock- resent values of locks held Hy. For each such lock state,
ing operations work by first building a temporary lock-state T is removed from all the owner sets. This might turn the
value equal to the new value the object’s lock must have, shared-lock state into a duplicate of another existing shared
and then by using it to probe the TILS for an equivalentim- lock state of the TILS. If that is the case, the modified lock
mutable shared lock state. The object’s current lock pointer state is removed from the TILS and added {sgof dupli-
is then atomically exchanged with the pointer to the sharedcates Otherwise, it is re-hashed into the TILS.
lock state returned by the TILS. Once the TILS is processed, the LM must take care of

To summarize LSS allows transactions to arbitrarily duplicates that might represent valuesio$ locks. Such
overlap their working sets without dramatic space consump-duplicates may have been created by transactions that were
tion due to locking.LSSis much less sensitive to the max- running concurrently witil" but completed beforé&', and
imum size of owner sets, and can afford the use of ownerwhose working sets overlapped with thatBf The LM
sets containing several hundred elements without notice-scans the list of duplicates and updates those that hold lock
able space overhead. Lastly, transitions from one lock statevalues representing’s locks. Modifying a duplicate of a
value to another one consist of a single pointer exchangeTILS's shared lock state always results in a duplicate of an-
On most stock hardware this can be accomplished with aother TILS's shared lock state. Therefore, a duplicate can
single atomic compare-and-swap instruction, such as thenever re-enter the TILS.

SPARC™ platform V9cas or Intel486'scmpxchg . This

promotes the use of non-blocking synchronizations to im- Belorerdeasof T1slocks Al releas o TLslocks
plement locking operations, which avoids expensive latch- | Dwids TS DwlcassSt {3 pupiates TS Duplicaesse: {12}
ing and reduces contention.

4. Elimination of Lock Book-Keeping

[GARE)
{}

All the LMs presented so far keep track of the objects
locked by each transaction in order to automatically un-
lock them when the transaction completes. This stems from
the original database systems’ assumptions that (i) the to-
tal number of lock data structures is much larger than the
number of locks acquired by one transaction, and (ii), trans- Figure 3. Releasing of locks with  NLSS
actions acquire a relatively small number of lotksnder

2Database LMs have recourse to adjustable locking granularity to keep ] ) )
the number of locks below a few thousand [18]. Figure 3 illustrates howLSSworks. It depicts the data



structure of the LM before and after the release of the lockslock pointer with the probe’s result upon a cache hit takes 6
of transactiorl’,. BeforeT}’s end, three shared lock states instructions (one arithmetic computation of the lock pointer
represent values of lock owned By (11, I> andl3). When address, two loads, one atomic compare and swap, a com-
T, completes, it is removed from the owner sets of these parison and a branch). This variant M. SSis called m-
lock states. However, the new updated values of two of NLSS
these lock states (namely,andi,) are already represented
inthe TILS (by, respectivelys andl,), so they are removed
from the TILS and added to the list of duplicates. WHeén
terminates and releases its locks, it will generate two ad-
ditional duplicates of the “unlocked” lock statg (I» and Both the interpreter and the JIT compiler of the PJVM
14) and a duplicate ok (I3). Note thano associationbe- have been modified to precede every object access with a
tween locked objects (circles in Figure 3) and shared lock lock barrier. Lock barriers typically consist of a call to the
states are modified when a transaction releases its locks. LM wrapped in an inlined fastpath (if one is defined by the
The elimination of lock book-keeping fromSSseems particular lock manager used). Some of the optimizations
attractive because it saves both computational and spacé@lready performed by the PJVM JIT compiler, such as com-
costs. Furthermore, the costs of releasing all of the locksMonN sub-expression elimination, naturally eliminates some
of a transaction is in terms of the number of shared lock redundant lock barriers, but only in marginal proportion,
states instead of the number of objects locked by that trans-2nd with almost no visible effect on performance.
action. On the other hand, the absence of lock book-keepers One negative effect of this strategy is to pair most ac-
generates duplicates that increase space consumption, argeSses tmew objectsi.e., objects allocated by transactions

requires potentially costly sophisticated synchronizations. in progress, with a lock barrier, although locking new ob-
jects is unnecessary to enforce strict isolation. New ob-

jects fall into two categories: objects reachable only from
the stack of the thread that created them, and objects whose
reference has been stored by their creator into objects reach-
The most expensive part of a locking operation for the gple from other transactions. Objects of the first kind are
NLSSlock manager is the probing of the TILS to obtain ynreachable from other transactions. All paths to objects of
the shared lock state that represents the new value that thehe second category are protected by an exclusive lock of
object’s lock must have. If that shared lock state were al- their creator, since in order to store a reference in an object
ready known, the locking operation would just consist of an ), the automated locking system first obtains a write lock
atomic exchange of the object’s current lock pointer with for 0. In both cases, access to new objects by transactions
that lock state. Knowing the lock state that represents thegifferent from their creator is already prohibited, therefore
result of a lock request in advance can be achieved by ap1ocking is unnecessary for new objects.
plying memoization a technique used in functional pro-  ope simple strategy to reduce the overhead of lock bar-
gramming languages [23]. riers against new objects is to make them look as if they
More specifically, letl" be a transactionyp a locking are already locked by their creator. Under this approach,
operation/; and/; two shared lock states such tiigholds ey objects are associated with the SWO of their creator at
the lock state value equal to the resultBfexecutingop  gjiocation-time, without calling the LM. Upon transaction
with the lock value held by; (i.e., Iy = op(T,l;)). In- completion, the shared SWO lock value is atomically turned
stead of computing the value op(T',[;) upon every call  nto a shared unlocked lock value. All of the created objects
to op and probing the TILS with that value to obtain the ook like they are unlocked and become subject to normal
equivalent shared lock statg, the LM maintainsl/y ina  gytomated locking rules. This strategy turns all requests to
cache keyed byp, I; andT. If the parameters passed pew object's locks into redundant lock requests, and guar-

to a call toop matchl; andT', thenl; can be immedi-  antees that new objects escape to lock book-keeping.
ately exchanged with;. Otherwisepp(T',!;) is computed,

the TILS probed, and the cache updated before atomically .
changing the shared lock state pointers. 7. Performance Experiments

Adding memoization td\NLSSis straightforward: each
thread locking context is augmented with a memoization A total of 15 different PJVM versions were evaluated.
cache. Each cache line consists of two shared lock stateThe versions differ from one another by two parameters: the
pointers. The cache hassimgle lineper locking operation LM and the lock barrier used. Table 1 lists the various ver-
(e.g., read lock acquisition, write lock acquisition, lock re- sions and their characteristics. The LMs share most of their
lease), that is, only one result per operation is memoized.code, except for lock operations whose implementation is
Probing the cache and subsequently exchanging the currergpecific to each LM. The number of concurrent transactions

6. Automated Object Locking

5. Elimination of TILS Lookups



was limited to 64 for all LMs so that transaction set op- 8. Performance Analysis

erations could be implemented with single 64-bit register

instructions. This case favof&RADbecause both the pro- All measurements are compared with measurements of

cessing of bitmap operations and the space consumed for gne original PJVM, which does not support transactions.

lock state is minimal. The data reported includes the count of lock requests is-
sued for each benchmark in order to evaluate the fraction of
requests that result in calls to the LM. In all our measure-

lock barrier ments, calls originating from the interpreter accounted for
direct single owner| single write | owner set less than 0.05%, so we will not discuss them.
LM call owner membership
TRAD So-TRAD swo-TRAD osm-TRAD 8.1. SPEijm98
LSS soLSS sSwo1SS osmLSS
NLSS soNLSS swWoNLSS osmNLSS .
m-NLSS swo-mNLSS| osm-mNLSS The left part of figure 4 reports the performance of two
of the SPECjvm98 programs (the others behave similarly.)
Table 1. Lock Barrier Implementations. These programs were run unchanged. In that case, the static

main method is wrapped by main transaction automat-
ically started by the transaction manager, and the whole
computation takes place in that transaction. All the objects
manipulated by SPECjvm98 programs are created by the
main transaction only. As seen in Section 6, the solution to
compensate for the lack of program analysis to identify new
%bjects is to make them look as if they have already been
locked. Consequently, all lock requests issued for these ob-
jects by the automated locking system are redundant. Per-
ormance then depends on how well the lock barrier used
can filter unnecessary lock requests.

The 007 benchmark synthesizes applications managing WO histograms are shown for each program: the right-
complex data structures such as CASE or CAD/CAM sys- MOst one shows the overhead relative to a PJVM without
tems. It defines a database organized in modules. EactRutomated locking, the one next to it shows the number of
module has a manual and a seven level deep hierarchy ofock barriers that resulted in a call to the LM, compared with
assembly objects. Assemblies recursively reference thredhe total number of lock barriers executed.
other assemblies. Leaf assemblies have three bi-directional The three lock manageisRAD LSS NLSSprocess lock
links toward three composite parts, each of them consist-"éguests for a lock owneahly by the requester in exactly
ing of a graph of atomic parts inter-connected to three otherthe same way. Hence there is little difference between sys-
atomic parts of the same graph. Inter-connections are them{€mMs in which lock barriers call directly the LMRAD LSS
selves objects. The benchmark defines three database comLS9- Although owner-set membership (OSM) tests take
figurations which varies the number of atomic parts per More instructions than a single-owner (SO) tests, they fil-
composite part, and the size of the database. Our experIer all redundant lock requests. SO tests often fail because
iments with OO7 focus on read-only traversal operations, the majority of lock requests are read lock request for new
namely T1 and T6. as we study the overhead of locking objects protected by write locks. Hence the heuristic “test
operations, and not throughput. Using read-only operations!OCk pointer against the requester's SRO lock pointer” use
allows for experimenting with various degrees of working for read lock 'requests systematically fails. As a result, au-
set overlap between transactions without interference due tgomated locking systems that use SO tests perform worse
conflicts. Traversal operations navigate through the assemihan their counterparts that call the LM directly, because
bly hierarchy and visit each composite part of each basethe_extra instructions of the test never pay off. As an ex-
assembly. For each visited part, T1 performs a depth-firstP€riment, we changed all the SO tests so that the current
traversal on its graph of atomic parts, whereas T6 visits thelOCK pointer is systematically tested against single write-

The performance experiments were done using
SPECjvm98 [26], and OO7 [6]. SPECjvm98 is a

standard suite of benchmark programs destined to evaluat
the performance of JVMs. Due to space limitations,

we only report measurements for db (multiple database
functions on a memory-resident database), and javac (th
Java compiler from the JDKY version 1.0.2).

root of the graph only. ownership (SWO) by the requester (which covers both read
and write lock ownership). This time, most lock barriers
Measurements were done on a Sun Enterpfis&20, succeed and the locking overhead is about the same as with

with 4 UltraSPARC ™ -|li processors clocked at 450Mhz,a the OSM tests.
system clock frequency of 113Mhz, 1 Gb of main memory, = Memoization alone also fails to filter all of the calls to the
running the Solari§* 2.7 operating environment. LM, because of the mix of lock request which decreases the
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Figure 4. Overhead with respect to PJVM: left, SPECjvm98 programs db and javac, right OO7 traversal
T1, small and medium database.

efficiency of the memoization cache. In this case, precedingspect to the PJVM of a traversal T1 of the small and medium
the use of the memoization cache with an OSM or a SWO databases. The histograms on the rightmost part of Figure 5
test also pays off. show how many calls to the LM are avoided by each of
Overall, for non-transactional workloads, automated the four type of lock barrier we experimented with (namely,
locking imposes a minimum overhead of between 26% OSM test combined with memoization, memoization alone,
(SPECjvm98 db) and 70% (SPECjvm98 jack, a parser gen-OSM test alone and direct call to the LM). The bars report-

erator). ing “filtered” reads and writes show the amount of read and
write lock requests that were successfully processed by the
8.2. 007 lock barrier without entering the LM.

o In contrast to the non-transactional workloads of
For the OO7 benchmark the individual traversal opera- SPECjvm98, the choice of a lock management method now
tions are run as transactions such that the measured transagsatters because of the number of lock acquisition and re-
tion entirely overlaps its working set with a number of other |0 operations: a traversal T1 of a medium database ac-
transactions. This 100% overlap among transaction Work'quires about 625.000 locks.
ing sets defines the upper bounds for the time and space '

overheads of locking. To measure this, the first 1 trans- In the absence of overlapping transactions, redundant

dock requests are still the dominant source of locking over-

actions are started, invoked to run the traversal once, an o h
suspended just before commit. Thé transaction is then ~ n€ad (they account for 99.2% of the lock requests issued.)
Therefore, the use of OSM tests reduce the locking over-

executed to completion and measured. Figure 5 reports the ] ok i
measurements of that" transaction for various degrees head substantially. Lock acquisition and release are fairly

of overlap ¢ = 0 if there is no overlap) for two of the cheap in the absence of overlapping transactions since, for

read-only traversals of 007, namely T1 (on the left) and @l LMS, they merely consist of an atomic exchange of

T6 (middle), executed against tieedium size database. pointers to immutable shared lock state (lock acquisition
We report only measurements of versions that bring addi-SWapPs pointers to the unlocked shared lock state to the re-

tional insight about the costs of automated object locking AUeSter's SRO, and the other way around for lock release).
with respect to Section 8.1. Therefore, we will not discuss N Particular, neithet SSnot its variants need to probe the
versions that use lock barriers based on SO tests (they con] LS to acquire lock. Avoiding lock book-keeping pays off,
sistently underperform direct call to the LM), and lock bar- @S illustrated by the gap between o3iRADand osmkSS
riers based on SWO tests (they perform up to 34% worse©n One hand, and osikSSand osm-miNLSSon the other
than OSM tests). hand.

The right part of figure 4 compare the overhead with re-  When a transaction overlaps with another one, locking
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Figure 5. Measurements for OO7 Traversals (100% of overlap between transactions).

operations become more expensive. In particulaiTRAD the LM, and, most importantly, improves the efficiency of
and its variants, the second transaction pays the price ofmemoization caches; (ii) memoization reduces the number
dynamic memory management to allocate/free private lock of calls to the LM for lock acquisition by 99.5%; and, (iii)
data structures for each traversed object, according to thdock state sharing without lock book-keeping makes lock
cheap-first lock strategy. In constrast, lock state sharingrelease independent of the number of acquired locks. These
implementations allocate only one new lock data structure properties reduces the locking overhead to under 70% for
to represent the new lock value. One the other hand, theoverlapping working sets.

costs of probing the TILS kicks in when the degree of over-

lapping is grgater than one. The resul.tln.g degradation iNng Conclusions

performance is roughly the same, and is illustrated by the

sharp increase in overhead fb6S osm1SS TRAD and
D S This paper has studied the impact of several combina-

osmTRAD
tions of lock management method and lock barrier imple-

t\'N he dn the detgree C]:f ov?lrlap tls greater than omtar,]the tranSq'mentation on the processing overhead of automated locking
action does not pay for aflocation anymore, as thé secong, persistent programming languages using the PJama Vir-
transaction has already paid for it. This reduces the over-

tual Machine as a case study. Our experiments indicates that
head forTRADand osm¥RAR As the degree of overlap- the best performance are obtained with the NLSS variant of

ping incrgases, the performance of LMs that keep track OfIock state sharing, a novel lock management method. NLSS
"?C".e.d objectsTRAD osmTRAD LSS osmi.S9 degrades dramatically reduces the memory consumption of locking
S|gn|f_|can.tly. In contras_t, LMs that do not use lock book- by sharing lock data structures with identical values among
keeping (i.e., all the variants &{L.S3 scale beter. locked objects, and avoiding the tracking of locked resource
Again, memoization alone does not perform well be- ysed in other lock management method to automatically re-
cause of the frequent invalidation of its cache due to re- |ease locks at transaction completion. The best performance
dundant lock requests. This is particularly striking for of automated locking are obtained by combining NLSS with
T1, where 20% of lock requests result in a cache miss, 3 two-stage lock barriers, which consists of an inconsistent
and therefore, a call to the LM. Preceding the memoiza- |ock ownership test to filter out all unnecessary and redun-
tion cache probe with an OSM-test considerably improves gant lock requests, followed by, if the first stage fails, a
the memoization cache efficiency, reducing cache misses tqnemoization to avoid calling the lock manager. The re-
practically nothing. This makes osm-N-SSnsensitive o gylting lock barrier cost between 8 (first stage only) to 14
the degree of overlapping because most lock acquisitionstwo stages) RISC instructions, and avoids calling the lock
are serviced without calling the LM. manager for 99% of the lock request issued by automated
To sumarize, osm-mMiLSSoutperforms all other LMs  locking. This combination results in at least 30% perfor-
for the following reasons: (i) OSM tests filter cait of the mance improvement over other lock management methods,
redundant lock requests, which avoids unnecessary calls tand makes automated locking scaling well with both the



size of the working set of a transaction and the degree of

overlapping between transaction’s working sets.
There is still room for improvement, as automated object
locking imposes a considerable processing overhead: be-[11]

tween 26% to 67% for an automated locking system based
on the best variant of lock state sharing. This overhead is
essentially due to the overwhelming number of unnecessary

lock barriers. This clearly indicates the direction of future

work toward fast and efficient program analysis methods to

identify and eliminate unnecessary lock barriers during JIT
compilation.

Trademarks Sun, Sun Microsystems, Sun Enterprise, Java,

JDK and Solaris, are trademarks or registered trademarks of Sun
Microsystems Inc.
SPARC and UltraSPARC are trademarks or registered trademarks

in the United States and other countries.

of SPARC International, Inc. in the United States and other coun-

tries.
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