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Abstract. This paper presents elastic transactions, a variant of the
transactional model. Upon conflict detection, an elastic transaction might
drop what it did so far within a separate transaction that immedi-
ately commits, and initiate a new transaction which might itself be elas-
tic. Elastic transactions are a complementary alternative to traditional
transactions, particularly appealing when implementing search struc-
tures. Elastic transactions can be safely composed with normal ones, but
significantly improve performance if used instead.

1 Introduction

Background. Transactional memory (TM) is an appealing synchronization
paradigm for leveraging modern multicore architectures. The power of the
paradigm lies in its abstract nature: no need to know the internals of shared
object implementations, it suffices to delimit any critical sequence of shared
object accesses using transactional boundaries. Not surprisingly, however, this
abstraction sometimes severely hampers parallelism. This is particularly true
for search data structures where a transaction do not know a priori where to
add an element unless it explores a large part of the data structure. Consider
for instance an integer set that supports search, insert, and remove operations.
Assume furthermore that the set is implemented with a bucket hash table. A
bucket, implemented with a sorted linked list, indicates where an integer should
be stored. Consider a situation where one transaction searches for an integer
whereas another one seeks to insert an integer after a node that has been read
by the first transaction: in a strict sense, there is a read-write conflict, yet this
is a false (search-insert) conflict.

We propose elastic transactions, a new type of transactions that enables to
efficiently implement search data structures and use them with regular transac-
tional applications. As for a regular transaction, the programmer must simply
delimit the blocks of code that represent elastic transactions. Nevertheless, dur-
ing its execution, an elastic transaction can be cut into multiple normal trans-
actions, depending on the conflicts detected. We show that this model is very
effective whenever operations parse a large part of the structure while their
effective update is localized.
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Elastic transactions: a primer. To give an intuition of the idea behind elas-
tic transactions, consider again the integer set abstraction. Each of the insert,
remove, and search operations consists of lower-level operations: some reads and
possibly some writes. Consider an execution in which two transactions, ¢ and
J, try to insert keys 3 and 1 concurrently in the same linked list. Each insert
transaction parses the nodes in ascending order up to the node before which
they should insert their key. Let {2} be the initial state of the integer set and
let h,n,t denote respectively the memory locations where the head pointer, the
single node (its key and next pointer) and the tail key are stored. Let H be
the following resulting history of operations where transaction j inserts 1 while
transaction 4 is parsing the data structure to insert 3 at its end. (In the following
history examples we indicate only operations of non-aborting transactions, thus,
commit events have been omitted for simplicity.)

H =r(h)", r(n),r(h),r(n)?,wh)?,rt)", wn).

This history is clearly not serializable since there is no sequential history that
allows r(h)* to occur before w(h)? and also 7(n)? to occur before w(n)i. A
traditional transactional model would detect a conflict between transactions @
and j, and the transactions could not both commit. Nonetheless, history H does
not violate the high-level linearizability of the integer set: 1 appears to be inserted
before 3 in the linked list and both are present at the end of the execution.

To make a transaction elastic, the programmer has simply to label this trans-
action as being so and use its associated operations to access the shared memory.
Assume indeed that transaction 7 has been labelled as elastic. History H can now
be viewed as a slightly different history, f(H):

S1 S2

FH) =)' r(n)" | r(R)?,r(n)? w(h), | r(t)', w(n)'

The elastic transaction ¢ has been cut in two transactions s; and ss, each being
atomic. The cut is only possible because the value returned by the read of ¢
has been the successor of n at some point in time. More precisely, the specific
operations inside the elastic transaction ensure that no modifications on n and
t have occurred between r(n)** and r(¢)*2. Otherwise, ¢ would have to abort.
Even though a read value has been freshly modified by another transaction, it
might not be necessary to abort and restart from the beginning. Assume that a
transaction ¢ searches for a key that is not in the linked list while a transaction j
is inserting a node after the k" node. Let h,n1, ...,ns,t denote respectively the
memory locations of the linked list: nj, denotes the memory location of the k"
node key and its next pointer. In the following history H’, transaction ¢ reads
node ny and detects that it has freshly been modified by another transaction j.

H = .., r(ne)?, r(nee1), r(ne—1) ' wing)?, r(ng)', r(ngg)? ..

In this example, transaction 7 does not have to abort and restart from the be-
ginning because it is the first time it accesses ny and because the preceding node
accessed by ¢ has not been overwritten since then. Hence, after making sure that
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the previously read node nj;_; has not been modified, transaction i can resume
and commit, as if its read of ng was part of a new transaction sj, serialized after
j. Hence, we get the following history.

FH) = (k) r(neen)?, r(ne—1)' w(ng)?, | r(ng) ', r(nes1) | -

E-STM. We propose £-STM, an implementation of our transactional model
that uses timestamps, two-phase-locking, and universal operations. It provides
both normal transactions and elastic transactions, allowing the latter ones to
be cut to achieve high concurrency, but it retains the abstraction simplicity of
transactional memory.

To evaluate the performance and simplicity of our solution, we implement it
on four data structure applications: (i) linked list, (ii) skip list, (iii) red-black
tree, and (iv) hash table. We compare £-STM with three other synchroniza-
tion techniques: (i) regular STM transactions, (ii) lock-based, and (iii) lock-free.
The regular STM technique relies on TinySTM [I], the fastest STM for micro-
benchmarks we know of [1,[2]. The lock-based and lock-free implementations
are based on the algorithms of Herlihy, Luchangco, Shavit et al. [34], and of
Fraser, Harris, and Michael [5,[61[7], respectively. We also implemented complex
operations, move and sum, to illustrate how transactions can be combined.

The results we obtained indicate that £-STM speeds up regular transactions
on all workloads and with an average speedup factor of 36%. By lack of space,
the detailed experiments are deferred to the companion technical report [§].

Roadmap. In the remainder of this paper, we present our system model (Sec-
tion [2) and our transactional model (Section ), and we give an implementation
of it, called E-STM (Section @]). Then, we elaborate on the advantages of using
E-STM, by illustrating its use in some data structure applications (Section ().
Finally, we present the related work (Section [fl) before concluding (Section [7]).

2 System Model

Our system comprises transactions and objects similarly to [9]. The states of
all objects define the state of the system. A transaction is a sequence of read
and write operations that can examine and modify, respectively, the state of the
objects. More precisely, it consists of a sequence of events that are an operation
invocation, an operation response, a commit invocation, a commit response, and
an abort event.

An operation whose response event occurred is considered as terminated while
a transaction whose commit response or abort event occurred is considered as
completed.

The set of transactions is denoted by 1" and we consider two types of transac-
tions: normal and elastic. We assume that the type of all transactions is initially
known. The sets of normal transactions and elastic transactions are denoted by
N and &, respectively. The set of possible objects is denoted by X and the set of



96 P. Felber, V. Gramoli, and R. Guerraoui

possible values is V. An operation accessing an object x, belonging to a trans-
action t, can be of two types (read or write), and either takes as an argument
or returns a value v. Hence, an operation is denoted by a tuple in X xT'xV x type.

Histories. We consider only well-formed sequences of events that consist of a set
of transactions, each satisfying the following constraints: (i) a transaction must
wait until its operation terminates before invoking a new one, (ii) no transaction
both commit and abort, and (iii) a transaction cannot invoke an operation after
having completed. We refer to these well-formed sequences as histories.

A history H is complete if all its transactions are completed. We define a com-
pleting function complete that maps any history H to a set of complete histories
by appending an event ¢ to each non-completed transaction ¢ of H such that:

— ¢ is an abort event if there is no commit request for ¢ in H;
— @ is a commit or an abort event if there is a commit request for ¢ in H.

Given a set of transactions T  and a history H, we define H|T', the restriction of H
to T, to be the subsequence of H consisting of all events of any transactiont € T'.
We refer to the set of transactions that have committed (resp. aborted) in H as
committed(H) (resp. aborted(H)). The history of all committed transactions of
a given history H is denoted by permanent(H) = H|committed(H). Similarly,
for a set of objects X we denote by H|X the subsequence of H restricted to X.
For the sake of simplicity, to denote H|{z}, for x € X (resp. H|{t}, for t € T)
we simply write H|z (resp. H|t).

Let —9; be the total order on the events in H. We say that ¢ precedes t' in
‘H (denoted by t —4 t') if there are no events ¢ € H|t and ¢’ € H|t' such that
q —1 q. Two transactions ¢t and t' are called concurrent if none precedes the
other, i.e., t Ay t' and t’ /9 t. A history H is sequential if no two transactions
of H are concurrent.

Operation sequences. For simplicity, we consider a sequence of operations in-
stead of a sequence of events to describe histories and transactions. An operation
m is a pair of invocation event and response event such that the invocation and
response correspond to the same operation, accessing the same object and being
part of the same transaction. A given history H is thus an operation sequence
Sy =71, ..., T, resulting from H where commit and operation invocations that
do not have a matching response have been omitted. Concurrent operations or-
dering is determined by the object serial specification described below. We say
that two histories H and H’ are equivalent if for any transaction ¢, H|t = H'|t.

The serial specification of an object is the set of acceptable sequences of its op-
erations. Each object x is initialized with a default value v, and accessed either by
a write operation, m(x,v), that writes a value v or by a read operation, 7(z) : v,
that returns a value v. That is, we only focus on read /write objects the serial spec-
ification of which requires that a read operation on x returns the last value written
on z, or its default value v, (if the value has not been written before). Without
loss of generality, we assume that each written value is unique, hence: let w(z, v)
and 7' (z’,v") be two write operations, if v = v’ then x = 2’ and 7 = 7.
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We refer to a transaction that never writes an object value in the shared
memory as an invisible transaction. Observe that an invisible transaction may,
however, write some metadata (e.g., lock ownership) in the shared memory. An
example is a transaction that acquires some locks before aborting.

3 Elastic Transactions: Definition

An elastic transaction is a transaction the size of which may vary depending on
conflicts. More precisely, such transaction may cut itself upon conflict detection
as if the start of the transaction has moved forward, hence the name elastic.
Next, we explain how a cut is achieved.

First, note that a sequence of operations is a totally ordered set, hence, we
refer to a history H as a tuple (Sy, —#) where Sy is the corresponding set of
operations and — a total order defined over Sy. More generally we refer to
any sequence S as a totally ordered set denoted by (Ss, —s).

A sub-history H' of history H = (Sp,—#) is a history H' = (Sn/, =)
such that Sy C Sy and —4 C—4. Next, we define the notion of cut and its
well-formedness.

Definition 1 (Cut). A cut of a history H is a sequence C = (S¢,—¢) of sub-
histories of H such that:

1. each of the cut sub-history contains only consecutive operations of H: for any
sub-history H' = m1,...,7m, in Sc, if there exists m; € H such that T, —x
T — T, then m; € H';

2. if one sub-history precedes another in C then the operations of the first precede
the operations of the second in H: for any sub-histories Hy1 and Hs in Sc
and two operations w1 € Hy and mo € Ha, if H1 —¢ Ha then m —p ma;

3. any operation of H is in exactly one sub-history of the cut: | Jyyy Sy =

€S
Sy and for any Hi, Ha € Sc, we have Sy, NSy, = 0. ¢

For example, there are four cuts of history a, b, ¢, denoted by C1 = {a,b ; ¢},
C2={a; b}, C3={a; b; c}, and C4 = {a,b, c}, where semi-colons are used
to separate consecutive sub-histories of the cut and braces are used for clarity to
enclose a cut. In contrast, neither {a,c; b} nor {a ; a,b,c} are cuts of H. The

reason it that the former violates property (1) while the latter violates property
(3) of Definition [

Definition 2 (Well-formed cut). A cut C; of history H|t, where t is a trans-
action, is well-formed if for any of its sub-histories s; the following properties
are satisfied:

1. if s; contains only one operation, then there is no other s; € Se,;

2. if m; € sy and m; € s are two write operations of t, then s; = s;;

3. if m; s the first operation of s;, then either m; is a read operation or m; is
the first operation of t.
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For example, consider the following history H; |t where t is an elastic transaction,
and where r(z) and w(x) refer to a read and a write operation on z. (For the
following examples, we omit the values returned by the read operations and
consider that the object serial specification is satisfied.)

Hilt = r(u), r(v),w(x), r(y),r(2).

There are two well-formed cuts of history Hi|t that are Cl' =
{r(u),r(v),w(x),r(y),r(z)} and €2" = {r(u),r(v),w(x) ; r(y),r(2)}, how-
ever, neither C3' = {r(u) ; r@),w) ; r(),r(z)} nor C4 =
{r(u),r(v) ; w(z),r(y),r(z)} are well-formed. More precisely, the first sub-
history of C3’ contains only one operation violating property (1) of Definition
and the second sub-history of C4’ starts with a write operation, that is, property
(3) of Definition 2] is violated. In the remainder of this paper, we only consider
well-formed cuts.

Next, we define a consistent cut with respect to a history of potentially con-
current transactions. This definition is crucial as it indicates the singularity of
elastic transactions. The programmer can label a transaction as elastic if he(she)
does not need this transaction to appear as atomic, but still he(she) requires that
a set of consecutive operations in this transaction appear as atomic, as formal-
ized below. In a history H, a cut is consistent if there are no writes separating
two of its sub-histories each accessing one of the object written by these writes.

Definition 3 (Consistent cut). A cut C; of H|t is consistent with respect to
history H if, for any operation m; and 7; of any two of its sub-histories s; and
s respectively (s; # sj), the two following properties hold:

— there is no write operation w'(x) from a transaction t' # t such that
mi(2) —n 7 (2) —w ()

— there are no two write operations 7' (x) and @' (y) from transactions t' # t
and t" # t such that mi(x) —n ©'(z) —-n 7;(y) and mi(z) —n 7' (y) —n
i ()

For example, consider the following history Hs where e is an elastic transaction
and n is a normal transaction, and where r(z)* and w(z)? refer to a read and a
write operation on x in transaction t.

Two consistent cuts of Hale with respect to Hz are possible. One contains two
sub-histories C1 = {r(x)¢,r(y)¢ ; r(z)¢, w(u)¢} while the other contains one sub-
history C2 = {r(x)¢, r(y)¢, r(z)%, w(u)}. Observe that C1 is consistent because
there are no two writes from other transactions that occur at objects between the
accesses of e to these objects, hence r(y)¢ and r(z)¢ seem to execute atomically
at the time r(y)€ occurs. In contrast, consider history Hs where e is elastic and
n is normal.

Hs = T(I)ev T(y)ev w(y)n, w(z)nv T(Z)ev w(u)e'
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There is no consistent cut of Hszle with respect to Hsz because n writes y and z
between the times e reads each of them.

Given a cut C; = st ..., s, of H|t for each elastic transaction t € H|E, we define
a cutting function fc, that replaces an elastic transaction ¢ by the transactions s’
resulting from its cut. More precisely, fc, maps a history H = 71, ..., 7, to a his-
tory fe,(H) = 7, ..., m, where if m; = (z,t,v, type) € st then 7, = (x, s!, v, type),
otherwise m; =}, and if ¢t € committed(H) then st € committed(fc,(H)), oth-
erwise st € aborted(fc,(H)). We denote the composition of f for a set of cuts
C= {Cl, ...,Cm} by fc = fC1 0...0 fcm.

Next, we define an elastic-opaque transactional system, which combines nor-
mal and elastic transactions; this definition relies on Definition [B] of consistent

cut, and the definition of opacity [10].

Definition 4 (Elastic-opacity). A transactional system is elastic-opaque if,
for any history H of this system, there exists a consistent cut Cy for each elastic
transaction t of H|E with C = {C}, such that fc(H) is opaque.

As an example, consider the following history Hy and assume e is elastic while
n is normal and both transactions commit:

Hy = T("E)ev r(y)ev r(w)n? r(y)nv r(z)n’ w(‘f)n’ T<t)6’ w<z)e'

This history would clearly not be serializable in a traditional model (with e and
n two normal transactions) since there is no sequential histories that allow not
only r(x)¢ to occur before w(x)™ but also 7(2)" to occur before w(z)¢. However,
there exists one consistent cut C. of Hyle with respect to Hy, Ce = $1, $2 where
s1 =r(z)%r(y)° and sp = r(t)¢,w(z)° such that, for C = {C.}, we have:

fC (H4) = T("E)SI ) T<y)81 ) r(w)n? r(y)nv r(z)n’ w(‘f)n’ T<t)82 ) w(2)82 :

And H, is elastic-opaque as fc(Hy4) is equivalent to a sequential history: s1,n, so
(and fc(Ha) is opaque).

4 Implementation of Elastic Transactions

This section introduces £-STM, a software transactional memory system that
implements elastic transactions. The corresponding pseudocode appears in
Algorithm [II £-STM combines two-phase locking, timestamp mechanism, and
atomic primitives: compare-and-swap (Lines [[9)), fetch-and-increment (Line [04)),
and atomic loads and stores.

Transaction and variable state. A transaction ¢ starts with a begin(type)
indicating whether its type is elastic or normal. Then, it accesses the memory lo-
cations using read or write operations. Finally, it completes either by a commit call
or by an abort that restarts the same transaction. The try-extend and ver-val-ver
are helper functions. A transaction ¢t may keep track of the variable it has ac-
cessed since it has lastly started using a r-set to log the reads and a w-set to log
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Algorithm 1. £-STM, a transactional memory providing elastic transactions

1:

21:
22:
23:
24:
25:

26:
27:
28:
29:
30:
31:
32:
33:
34:

35:

36:
37:
38:
39:
40:
41:
42:
43:
44:

oI aR e

clock € N, initially 0

: State of variable z:

val €'V

tlk a timestamped lock with fields:
owner € T, the lock owner, initially L
time € N, a version counter, initally 0

w-entry € X X V x N, an entry address

initally L
// time/w-entry share same location

: State of transaction t:

type € {elastic, normal}, initially the

ancestor transaction type or L (if none)
r-set and w-set, sets of entries with fields:

addr € X, an address

val € V, its value

ts € N, its version timestamp
last-r-entry € X X N, an entry,

initally L
Ib € N, initially 0 // time lower bound
ub € N, initially 0 // time upper bound

begin(tz-type)::
ub «— clock
b «— clock
// if nested inside a normal, be normal
if type # normal then type «— tz-type

try-extend();:

// make sure read values haven’t changed

now « clock
for all (y, x, ts) € r-set do
ow «— y.tlk.owner
last — y.tlk.time
if ow ¢ {t, L}V
(ow = L A last # ts) then
abort()

ub — now

ver-val-ver(z, evenlocked):
// load a versioned value from memory
repeat:
0y — x.tlk
v «— x.val
by — z.tlk
until (£; = oA
(£;1.owner = L V evenlocked))
return (€1, v)

: abort();:

for all (z, %, *) € write-set do
x.tlk.owner «— L

63:

98:
begin(type) // restart from the beginning 99:

read(z);:

// log normal reads for later extensions
if type = normal V w-set # () then
(ly,vq) «— ver-val-ver(z, true)
if £,.owner ¢ {t, L} then ctn_mgt()
else if £,.owner =t then
Vg — Ly.w-entry.val
else // £,.owner = L
if £;.time > ub then try-extend()
r-set «— r-set U {(x, vy, £y .time) }
// ...or log only the most recent elastic read
if type = elastic A w-set = () then
(€y,vg) «— ver-val-ver(z, false)
if £,.time > ub then
if last-r-entry # 1 then
(y, *) « last-r-entry
(€y, *) «— ver-val-ver(y, false)
if £,.time > ub then abort()
ub «— £, .time
last-r-entry « (x, £, .time)

return v,

. write(z, v)¢:

// lock & postpone the write until commit
repeat:
£ — z.tlk
if £.owner ¢ {L,t} then ctn_mgt()
else if {.time > ub then
if type = normal then try-extend()
else abort()
w-entry «— (z,v, L.time)
z.tlk — (t,*, w-entry) // compare&swap
until (z.tlk.owner = t)
b — maz(lb, £.time)
w-set — (w-set \ {(z,*,*)}) U {w-entry}
// make sure last value read is unchanged
if type = elastic A last-r-entry # L then
(e, time.) « last-r-entry
(€e, *) «— ver-val-ver(e, true)
ow «— L..owner
last «— £..time
if ow # t V last # time. then abort()

last-r-entry «— L

: commit()y:

// apply writes to memory and release locks
if w-set # () then
ts « clock++ // fetch&increment
if Ib # ts — 1 then try-extend()
for all (z,v,ts) € write-set do
z.val «— v
z.tlk.time «— ts
z.tlk.owner «— L

the writes. More precisely, the entries of these sets contain the variable address,
addr, its value val, and its version ¢s (Lines [[3HIG). If ¢ is elastic, it may only
need to keep track of the last read operation, so it uses last-r-entry (Lines [IT]
and [I8) to log a single address and its version instead of the entire set r-set.
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The two last fields of ¢ indicate a lower-bound b and an upper-bound ub on the
logical times at which ¢ can be serialized (Lines [[9and 20).

For the sake of clarity in the pseudocode presentation, we consider that
each memory location is protected by a distinct lock. We call it the associated
memory location of the lock. More precisely, each shared variable x can be
represented by a value (Line B]) val and a timestamped lock ¢lk, also called
versioned write-lock [II]. A timestamped lock has three fields: (i) the owner
indicating which transaction has acquired the lock, if any, (ii) the time the
associated memory location of the lock has the most recently been written,
and (iii) w-entry, a reference to the corresponding entry in the owner’s write
set (Lines [4H3)). Timestamps are given by a global counter, clock (Line[I]), that
does not hamper scalability [TTLI2L[].

Normal transactions. The algorithm restricted to normal transactions builds
upon TinySTM [I] logging all operations. All transactions use two-phase locking
when writing to a memory location. While the location is locked by the transac-
tion at the time it executes the write, all updates are buffered into a write-set,
w-set, until the commit time at which these updates are applied to the mem-
ory. When a transaction performs a write(z, *), it acquires the lock of x using a
compare-and-swap (Line[79)) and holds it until it commits or aborts. When access-
ing a locked variable, the transaction detects a conflict and calls the contention
manager, which typically aborts the current transaction (Lines 53] and [(4]). Var-
ious contention management policies could be used instead to handle conflicts
between normal transactions.

When a read request on variable x as part of transaction t is received by
E-STM, the value of z is read in a three-step process called ver-val-ver, which
consists in loading its timestamped lock z.tlk, loading its value x.val, and
re-loading its lock x.tlk. This read-version-value-version is repeated until the
two versions read are identical (Line @2)) indicating that the value corresponds
to that version. Only in some cases needs the value be returned unlocked,
hence the use of the boolean evenlocked. The transactions of £-STM use
the extension mechanism of LSA [I2,[I]. Each transaction ¢ maintains an
interval of time [lb, ub] indicating the time during which ¢ can be serialized.
More precisely, for a given transaction ¢, [b and ub represent respectively
lower and upper bounds on the versions of values accessed by ¢ during its
execution. When ¢ reads x, it records the last time x has been modified in
its read-set, r-set, for future potential check. Later on, if ¢ accesses a variable
y that has been recently updated (y.tlk.time > ub), t first tries to extend
its interval of time by calling try-extend(). Transaction t detects a conflict
only if this extension is impossible (Lines B4]), meaning that some variables,
among the ones t has read, have been updated by another transaction since
then.

Elastic transactions. An important difference between normal and elastic
transactions is that elastic transactions never use the r-set until they read after
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a write, as there is at most one read operation the transaction has to keep track
of: the most recent one. Hence, elastic transactions use the last-r-entry field to
log the last read operation. In our implementation all reads following a write in
an elastic transaction will use the r-set like normal transactions (Lines BOHGS),
however, the implementation could be improved using static analysis to require
this only for reads that are both preceded and succeeded by write operations in
the same transaction.

Upon reading z (without having written before) an elastic transaction must
make sure that the value v, it reads was present at the time the immediately
preceding read occurs. This typically ensures that a thread does not return an
inconsistent value v, after having been pre-empted, for example. If the version
v, of the value is too recent, ¢,.time > ub, then the read operation must recheck
the value logged in last-r-entry to be sure that the value read has not been
overwritten since then (Lines [62H67]). This can be viewed as a partial roll-back
similar to the one provided by nested models, except that no on-abort definition
is necessary and only a single operation would have to be re-executed here. Upon
writing x, a similar verification regarding the last value read is made. If the lock
corresponding to this address has been acquired, ow # L, or if the version
has changed since then, last # time,, then the transaction aborts (Line B9)). If,
however, no other transaction tried to update this address since it has been read,
then the write executes as normal (Lines [[THSZ)).

Next, we state the theorem on the correctness of our implementation. The
complete proof has been deferred to the companion technical report [§].

Theorem 1. £-STM is elastic-opaque.

5 Evaluation

E-STM is simple to program with for two reasons: (i) it indeed provides a high-
level abstraction that do not expose synchronization mechanisms to the pro-
grammer, and (ii) it enables code composition.

5.1 Abstraction

As with a classical transactional model, the programmer can use £-STM to write
a concurrent program almost as if he (she) was writing a sequential program.
Like all TMs, £-STM provides the programmer with labels begin and commit
that can delimit the transactions. Hence, all calls to reading and writing the
shared memory are redirected to the wrappers read and write of £-STM, but
this redirection does not incur efforts from the programmer and can be made
automatic: some compilers already detect transaction labels and redirect memory
accesses of these transactions automatically even though it is known that over
instrumentation of accesses may unnecessarily impact performance.

To illustrate this, consider the sorted linked list implementation of an
integer set, where integers (node keys) can be searched, removed, and inserted.
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Algorithm 2. Linked list implementation built on £-STM (the lock-free
harris-ll-find function is given for comparison).

State of process p:
node a record with fields:
key, an integer
next, a node
set a linked-list of nodes with:
head at the beginning,
tail at the end.
Initially, the set contains head and
tail nodes, and head.key = min
10: and tail.key = max.

L A v

11: free(z)::
12: // memory disposal is postponed
13: write(z, 0)

14: 11-find (i) p:

15: curr < set.head

16:  while true do

17: next «— read(curr.next)

18: if next.key > i then break
19: curr < nezxt

20:  return (curr, next)

21: ll-insert(%),:

22:  begin(elastic)

23: (curr, next) «— lI-find(7)

24:  in — (next.key = 1)

25:  if lin then

26: new-node «— (i, next)

27: write( curr.next, new-node)
28:  commit()

29:  return (lin)

30: ll-search(i),:

31: begin(elastic)

32: (curr, next) «— ll-find(2)
33:  in «— (next.key = 1)
34:  commit()

35:  return (in)

36:
37:
38:
39:
40:
41:
42:
43:
44:
45:

46:
47:
48:
49:
50:
51:
52:
53:
54:

55:
56:

57:
58:

59:
60:
61:
62:
63:
64:
65:
66:
67:
68:
69:
70:

72:

Il-remove(i),:

begin(elastic)

(curr, next) « Il-find(z)

in — (next.key = 1)

if in then
n « read(next.next)
write( curr.next, n)
free(next)

commit()

return (in)

harris-11-find (¢):
loop
t < set.head
t_next < read(curr.next)
// 1. find left and right nodes
repeat:
if lis_marked(t_next) then
curr <t
curr_mnext < t_next

curr «— unmarked(next)
if !t next then break
t_next «— t.next
until is_marked(t_next) V (t.key < 1)
next =t
// 2. check nodes are adjacent
if curr_next = next then
if (next.nextA
is__marked(next.next) then
goto line [48]
else return (curr, next)
// 3. remove one or more marked node
if cas(curr.next, curr _next, next) then
if (next.nextA
is__marked(next.nexct)) then
goto line [8]
else return (curr, next)
end loop

Algorithm [2] depicts the entire program that uses £-STM plus a core function
of the lock-free Harris [5] implementation, for comparison purpose. It is pretty
clear that this harris-Il-find function is more complex than its ll-find counter-
parts based on £-STM. In fact, harris-ll-find relies on the use of a mark bit to
indicate that a node is logically deleted, and must physically delete the nodes
that have been logically deleted to ensure that the size of the list does not
grow with each operation. Unlike the Harris lock-free function, £-STM-based
functions are very simple, as all synchronizations are handled transparently un-
derneath by £-STM. The pseudocode is the same as the non-thread-safe version,
except that begin(elastic), and commit have been added at the right places in the

code.
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5.2 Extensibility

E-STM combines elastic transactions with normal transactions which makes it
easily extensible. To illustrate this, we extended the hash table example with
operations move and sum. The pseudocode is presented in Algorithm [3]

More specifically, we implemented the insert, search, and remove operations
using elastic transactions. Since each bucket of the hash table is implemented
with a linked list, we re-used (Lines [I2], I8, and 24]) the program of the linked
list written above. More complex operations like move and sum have been im-
plemented using normal transactions. The elastic transactions nested inside the
normal transactions of move (Lines [I6 and 22)) execute in the normal mode. Al-
though an elastic implementation of move is possible, sum cannot be elastic as it
requires an atomic snapshot of all elements of the data structure. This example
illustrates the way elastic and normal transactions can be combined.

Observe that, although moving a value from one node to one of its predecessors
in the same linked list may lead an elastic search not to see the moved value, the
two operations remain correct. Indeed, the search looks for a key associated with
a value while the move changes the key of a value v. Hence, if the search looks
for the initial key k of v and fails in finding it, then search will be serialized after
move, if search looks for the targeted key k&’ of v and does not find it, then search
will be serialized before move. In contrast, a less usual search-value operation
looking for the associated value rather than the key of an element would have to
be implemented using normal transactions, otherwise, a concurrent move may
lead to an inconsistent state. Another issue, pointed out in [I3], may arise when
one transaction inserts z if y is absent and another inserts y if x is absent. If
executed concurrently, these two transactions may lead to an inconsistent state

Algorithm 3. Hash table implementation built on £-STM and linked list

1: State of process p: 21: ht-remove(%),:

2:  node a record with fields: 22:  begin(elastic)

3: key, an integer 23:  a < hash(i)

4: next, a node 24: result «— set[a].ll-remove(7)

5: set a mapping from an integer to a 25: commit()

6: linkedlist representing a bucket. 26: return result

7 Initially, all buckets of the set are

8: empty lists. 27: ht-sum():

28:  begin(normal)

9: ht-search(i),: 29: for each bucket in set do
10: begin (elastic) 30: next < read(bucket.head.next)
11: a «— hash(3) 31: while next.next # L do
12: result «— set[a].ll-search(7) 32: sum < sum + read(next.val)
13:  commit() 33: next « read(next.next)
14:  return result 34:  commit()

35: return sum
15: ht-insert(7),:
16:  begin(elastic) 36: ht-move(i, j)p:
17: a < hash(7) 37:  begin(normal)
18 result «— set[a].ll-insert(z) 38:  ht-remove(7)
19:  commit() 39:  ht-insert(j)
20:  return result 40:  commit()

41: return result
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where both x and y are present. Again, our model copes with this issue as
the programmer can use a normal transaction to encapsulate each conditional
insertion. These normal and elastic transactions are safely combined.

Unlike elastic transactions, existing synchronization techniques (e.g., based on
locks or compare-and-swap) cannot be easily combined with normal transactions.
They furthermore introduce a significant complexity. Using a coarse-grained lock
to make the hash table move operation atomic would prevent concurrent accesses
to the data structure. In contrast, using fine-grained locks may lead to a deadlock
if one process moves from bucket ¢; to bucket £5 while another moves from ¢ to
¢1. With a lock-free approach (e.g., based on an underlying compare-and-swap),
one could either modify a copy of the data structure before switching a pointer
from one copy to another, or use a multi-word compare-and-swap instruction.
Unfortunately, the former solution is costly in memory usage whereas the lat-
ter solution requires a rarely supported instruction that is also considered as
inefficient. Implementing a lock-free resize operations reveals even more as this
requires to replace its internal bucket linked lists by a single linked list imposing
to re-implement the whole data structure [14].

5.3 Experiments

Here we compare £-STM and the de-
fault version of TinySTM on a 16 core

4500 g—

. . core & hooo [ o o L-stm -0
machine. We chose TinySTM as it is § ss00 | S tinystm —a—
the fastest STM on micro-benchmarks we = 2288 [ \\\a\
know of [1l[2]. We ran the linked list inte- @ 5000 - =}
ger set implementation of Algorithm [2]on % 1888 i @

16 threads with £&-STM and we replaced § 500 |- S

elastic transaction calls by normal trans- 0 é4 2}3 és 2‘10 )12 \\214
action calls to run it with TinySTM. In Mean size

this experiment, £-STM is almost twice as

fast as TinySTM (1.9x faster on average ¥ig.1. Performance results when run-
and up to 2.3x faster). For the graphs in- 218 5% II—insertE, 5% ||—rem0\./e7 and 90%
cluding other testbed data structures and Il-search operations as clastic (5_,STM)
other synchronization techniques, please and normal (TinySTM) transactions

refer to the technical report [8].

6 Discussion and Related Work

One programmer may think of cutting normal transactions himself (herself)
instead of using elastic transactions. Nevertheless, hand-crafted cuts must be
defined prior to execution which may lead to inconsistencies. As an example,
consider that a transaction ¢ searches a linked list. A hand-crafted cut of ¢
between two read operations on x and y may lead to an inconsistent state if
another transaction deletes y (by modifying the next pointers of z and y) between
those reads: ¢ does not detect that it stops parsing the data structure as soon as
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it tries to access y. In contrast, elastic transactions avoid this issue by checking
dynamically if a transaction can be safely cut and aborting otherwise.

Besides elastic transactions, there have been several attempts to extend the
classical transactional model. Open nesting [I5] provides sub-transactions that
can commit while the outermost transaction is not completed yet. More precisely,
open nesting makes sub-transactions visible before the outermost transaction
commits. This requires the programmer to define complex roll-backs [16].

Transactional boosting [I7] is a methodology for transforming linearizable ob-
jects into transactional objects, which builds upon techniques from the database
literature. Although transactional boosting enhances concurrency by relaxing
constraints imposed by read/write semantics at low-level, it requires the pro-
grammer to identify the commutative operations and to define inverse operations
for non-commutative ones.

Abstract nesting [18] allows to abort partially in case of low-level conflict. As
the authors illustrate, abstract nested transactions can encapsulate independent
sub-parts of regular transactions like insert and remove sub-parts of a move
transaction. In contrast, abstract nested transactions cannot encapsulate sub-
parts of the parsing (as in search/insert/remove) of a data structure. Moreover,
abstract nested transactions aim at reducing the roll-back cost due to low-level
conflicts, but not at reducing the amount of low-level conflicts.

Early release [I9] is the action of forgetting past reads before a transaction
ends. This mechanism, presented for DSTM, enhances concurrency by decreasing
the number of low-level conflicts for some pointer structures. It requires the
programmer to carefully determine when and which objects in every transaction
can be safely released [I3]: if an object is released too early then the same
inconsistency problem as with hand-crafted cuts arises. Finally, early release
provides less concurrency than elastic transactions. Consider a transaction ¢ that
accesses x and y before releasing z. If y is modified between ¢ accessing x and y
then a conflict is always detected. In contrast, if ¢ is an elastic transaction then
a conflict is detected only if z and y are consecutively accessed by ¢t and both x
and y are modified between those accesses, which is very unlikely in practice.

7 Conclusion

We have proposed a new transactional model that enhances concurrency in a
simple fashion. The core idea relies on the combination of traditional transactions
with a new type of transactions that are elastic in the sense that their size evolves
dynamically depending on conflict detection. We implemented this model in an
STM, called £-STM, that only requires to differentiate elastic from traditional
transactions, making it simple to program with. Comparisons on data structures
have confirmed that elastic transactions are simpler than lock-based and lock-
free techniques and faster than regular transactions. It could be interesting to
investigate how much performance other applications could gain from using this
model. For example, the counter increment on which the rest of the transaction
does not depend.



Elastic Transactions 107

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Felber, P., Fetzer, C., Riegel, T.: Dynamic performance tuning of word-based soft-
ware transactional memory. In: Proceedings of the 13th ACM SIGPLAN Sympo-
sium on Principles and Practice of Parallel Programming, pp. 237-246 (2008)
Harmanci, D., Felber, P., Gramoli, V., Fetzer, C.: TMunit: Testing software trans-
actional memories. In: The 4th ACM SIGPLAN Workshop on Transactional Com-
puting (2009)

Heller, S., Herlihy, M., Luchangco, V., Moir, M., Scherer III, W.N., Shavit, N.: A lazy
concurrent list-based set algorithm. In: Anderson, J.H., Prencipe, G., Wattenhofer,
R. (eds.) OPODIS 2005. LNCS, vol. 3974, pp. 3—-16. Springer, Heidelberg (2006)
Herlihy, M., Lev, Y., Luchangco, V., Shavit, N.: A simple optimistic skiplist al-
gorithm. In: Prencipe, G., Zaks, S. (eds.) SIROCCO 2007. LNCS, vol. 4474, pp.
124-138. Springer, Heidelberg (2007)

Harris, T.: A pragmatic implementation of non-blocking linked-lists. In: Welch,
J.L. (ed.) DISC 2001. LNCS, vol. 2180, pp. 300-314. Springer, Heidelberg (2001)
Michael, M.M.: High performance dynamic lock-free hash tables and list-based
sets. In: Proceedings of the 14th Annual ACM Symposium on Parallel Algorithms
and Architectures, pp. 73-82. ACM, New York (2002)

Fraser, K.: Practical lock freedom. PhD thesis, University of Cambridge (2003)
Felber, P., Gramoli, V., Guerraoui, R.: Elastic transactions. Technical Report LPD-
REPORT-2009-002, EPFL (2009)

Weihl, W.E.: Local atomicity properties: Modular concurrency control for abstract
data types. ACM Trans. Program. Lang. Syst. 11(2), 249-283 (1989)

Guerraoui, R., Kapatka, M.: On the correctness of transactional memory. In: Pro-
ceedings of the 13th ACM SIGPLAN Symposium on Principles and Practice of
Parallel Programming, pp. 175-184 (2008)

Dice, D., Shalev, O., Shavit, N.: Transactional locking II. In: Dolev, S. (ed.) DISC
2006. LNCS, vol. 4167, pp. 194-208. Springer, Heidelberg (2006)

Riegel, T., Felber, P., Fetzer, C.: A lazy snapshot algorithm with eager validation.
In: Dolev, S. (ed.) DISC 2006. LNCS, vol. 4167, pp. 284-298. Springer, Heidelberg
(2006)

Skare, T., Kozyrakis, C.: Early release: Friend or foe? In: Workshop on Transac-
tional Memory Workloads (2006)

Shalev, O., Shavit, N.: Split-ordered lists: Lock-free extensible hash tables. J.
ACM 53(3), 379-405 (2006)

Moss, J.E.B.: Open nested transactions: Semantics and support. In: Workshop on
Memory Performance Issues (2006)

Ni, Y., Menon, V., Abd-Tabatabai, A.R., Hosking, A.L., Hudson, R.L., Moss,
J.E.B., Saha, B., Shpeisman, T.: Open nesting in software transactional mem-
ory. In: Proceedings of the 12th ACM SIGPLAN Symposium on Principles and
Practice of Parallel Programming, pp. 68-78 (2007)

Herlihy, M., Koskinen, E.: Transactional boosting: A methodology for highly-
concurrent transactional objects. In: Proceedings of the 12th ACM SIGPLAN Sym-
posium on Principles and Practice of Parallel Programming, pp. 207-216 (2008)
Harris, T., Stipi¢, S.: Abstract nested transactions. In: The 2nd ACM SIGPLAN
Workshop on Transactional Computing (2007)

Herlihy, M., Luchangco, V., Moir, M., Scherer III, W.N.: Software transactional
memory for dynamic-sized data structures. In: Proceedings of the 22nd Annual
Symposium on Principles of Distributed Computing, pp. 92-101. ACM, New York
(2003)



	Elastic Transactions
	Introduction
	System Model
	Elastic Transactions: Definition
	Implementation of Elastic Transactions
	Evaluation
	Abstraction
	Extensibility
	Experiments

	Discussion and Related Work
	Conclusion



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


