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Abstract isolation. It promises the performance of fine-grain lock-
ing with the code simplicity of coarse-grain locking. In

Chip multi-processors (CMPs) have become ubiquitousintrast to locks, which use mutual exclusion to serialize
while tools that ease concurrent programming have natcess to critical sections, TM is typically implemented
The promise of increased performance for all applicationsing optimistic concurrency techniques, allowing catic
through ever more parallel hardware requires good toglsctions to proceed in parallel. Because this technique dra
for concurrent programming, especially for average praratically reduces serialization when dynamic read-write
grammers. Transactional memory (TM) has enjoyed rad write-write sharing is rare, it can translate directly
cent interest as a tool that can help programmers progremimproved performance without additional effort from
concurrently. the programmer. Moreover, because transactions elimi-

The TM research community claims that programmingate many of the pitfalls commonly associated with locks
with transactional memory is easier than alternative® (like.g. deadlock, convoys, poor composability), transac-
locks), but evidence is scant. In this paper, we describéanal programming is touted as being easier than lock
user-study in which 147 undergraduate students in an dpsed programming.

erating systems course implemented the same programs,g|uating the ease of transactional programming rel-
using coarse and fine-grain locks, monitors, and traRg§je to locks is largely uncharted territory. Naturally,
actions. We surveyed the students after the assignmeRi, question of whether transactions are easier to use
and examined their code to determine the types and ffigan |ocks is qualitative. Moreover, since transactional
quency of programming errors for each synchronizatiogRemory is still a nascent technology, the only available
technique. Inexperienced programmers found barogpgnsactional programs are research benchmarks, and the
syntax a barrier to entry for transactional programmingepyation of programmers familiar with both transac-

On average, subjective evaluation showed that studeial memory and locks for synchronization is vanish-
found transactions harder to use than coarse-grain logkgyy small.

but slightly easier to use than fine-grained locks. De- :
) A o : To address the absence of evidence, we developed a
tailed examination of synchronization errors in the stu-

dents’ code tells a rather different story. Overwhelrr‘f—onm“Irrent programming project for students of an upder-
) . raduate Operating Systems course at the University of
ingly, the number and types of programming errors tr?e

students made was much lower for transactions than Oerxas at Austin, in which students were required to imple-

o . ent the same concurrent program using coarse and fine-
locks. On a similar programming problem, over 70% cﬂ‘] prog g

o ; : . rained locks, monitors, and transactions. We surveyed
students made errors with fine-grained locking, while le ; .
: . Students about the relative ease of transactional program-
than 10% made errors with transactions.

ming as well as their investment of development effort
using each synchronization technique. Additionally, we
1 Introduction examined students’ solutions in detail to characterize and
classify the types and frequency of programming errors

Transactional memory (TM) has enjoyed a wave of atte%t—Udents made with each programming technique.

tion from the research community. The increasing ubig- This paper makes the following contributions:

uity of chip multiprocessors has resulted in a high avail- ¢ A project and design for collecting data relevant to

ability of parallel hardware resources, without many con- the question of the relative ease of programming with

current programs. TM researchers position TM as an different synchronization primitives.

enabling technology for concurrent programming for the ¢ Data from 147 student surveys that constitute the

“average” programmer. first (to our knowledge) empirical data relevant to the
Transactional memory allows the programmer to de- question of whether transactions are, in fact, easier to

limit regions of code that must execute atomically and in  use than locks.
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Figure 1: A screen-shot of sync-gallery, the program un@delgate OS students were asked to implement. In the
figure the colored boxes represent 16 shooting lanes in ergadbpulated by shooters, mogues. A red or blue box
represents a box in which a rogue has shot either a red or binelmll. A white box represents a box in which no
shooting has yet taken place. A purple box indicates a limghiich both a red and blue shot have occurred, indicating
a race condition in the program. Sliders control the ratetatkvshooting and cleaning threads perform their work.

e Ataxonomy of synchronization errors made with dif- If a student writes code for a rogue that fails to respect
ferent synchronization techniques, and a charactdhie first two invariants, the lane can be shot with both red
zation of the frequency with which such errors occwand blue, and will therefore turn purple, giving the student
in student programs. instant visual feedback that a race condition exists in the

program. If the code fails to respect to the second two
invariants, no visual feedback is given (indeed these in-

2 Sync-gallery variants can only be checked by inspection of the code in
the current implementation).

In this section, we describe sync-gallery, the Java pro-We ask the students to implement 9 different versions

gramming project we assigned to students in an undgp_rogues (Java classes) thgt are instructive for djfferent
graduate operating systems course. The project is a@proach'es.to synchrqnlzatlon. 'Table 1 summarizes the
signed to familiarize students with concurrent progra ogue variations. Gaining exclusive access to one or two

ming in general, and with techniques and idioms for yanes of the gallery in order to test the lane’s state and then

ing a variety of synchronization primitives to manage dafacdify it corresponds directly to the real-world program-

structure consistency. Figure 1 shows a screen shot frBHid task of locking some number of resources in order to
the sync-gallery program. test and modify them safely in the presence of concurrent

The project asks students to consider the metaphor c’gptdeads.
shooting gallery, with a fixed number of lanes in which
rogues (shooters) can shoot in individual lanes. Being q L ocking
pacifists, we insist that shooters in this gallery use red or
blue paint balls rather than bullets. Targets are white, @& ask the students to synchronize rogue and cleaner
that lanes will change color when a rogue has shot in ofiereads in the sync-gallery using locks to teach them
Paint is messy, necessitatioganers to clean the gallery about coarse and fine-grain locking. To ensure that stu-
when all lanes have been shot. Rogues and cleanersgaiiets write code that explicitly performs locking and
implemented as threads that must check the state of @néocking operations, we require them to use the Java
or more lanes in the gallery to decide whether it is saf@ent r ant Lock class and do not allow use of the
to carry out their work. For rogues, this work amountsynchr oni zed keyword. In locking rogue variations,
to shooting at some number of randomly chosen lanefsaners do not use dedicated threads; the rogue that col-
Cleaners must return the gallery to it's initial state with aors the last white lane in the gallery is responsible for
lanes white. The students must use various synchronigacoming a cleaner and subsequently cleaning all lanes.
tion primitives to enforce a number of program invariant¥here are four variations on this rogue ty@ar se, Fine,
1. Only oneroguemay shoot in agiven laneat atime. Coarse2 andFine2. In the coarse implementation, stu-
2. Rogues may only shoot in alaneif it iswhite. dents are allowed to use a single global lock which is ac-
3. Cleaners should only clean when all lanes have quired before attempting to shoot or clean. In the fine-
been shot (are non-white). grain implementation, we require the students to imple-
4. Only onethread can be engaged in the processof ment individual locks for each lane. The Coarse2 and
cleaning at any given time. Fine2 variations require the same mapping of locks to ob-



Transaction tx = new Transaction (id)j
) . _ . boolean done = false;
final int x = 10;

Callable ¢ = new Callablevoids { | While(tdone) {

X . try {
public Void call () { . . )
/7 txnl code tx.BeginTransaction ();

y = X % 2 /1l txnl code _ _

return nu’II' done = tx.CommltTransactlon();
' } catch (AbortException e){

1 tx . AbortTransaction ();

} - .
Thread.dolt(c); y done = false;

}

Figure 2:Examples of (lefty DSTM2 concrete syntax, and (right) JDASEbMcrete syntax.

jects in the gallery as their counterparts above, but intmoization instead of locks. The most basic TM-based rogue,
duce the additional stipulation that rogues must acquif®/, is analogous to the Coarse and Fine versions: rogue
access to and shoot at two random lanes rather than @mal cleaner threads are not distinct, and shooters need
The pedagogical value is illustration that fine-grain loclshoot only one lane, while thEM 2 variation requires that
ing requires a lock-ordering discipline to avoid deadlockpgues shoot at two lanes rather than one. InTi-
while a single coarse lock does not. Naturally, the use Gfeaner, rogues and cleaners have dedicated threads. Stu-
fine grain lane locks complicates the enforcement of idents can rely on the TM subsystem to detect conflicts and
variants 3 and 4 above. restart transactions to enforce all invariants, so no condi
tion synchronization is required.

2.2 Monitor implementations

Students must use condition variables along with sig-4 Transactional Memory Support

nal/wait to implement both fine and coarse locking ver- ) )
sions of the rogue programs. These two variations intrdlCe Sync-gallery is a Java program, we were faced with
duce dedicated threads for cleaners: shooters and cleaf{§gluestion of how to support transactional memory. The
must use condition variables to coordinate shooting alf§al case would have been to use a software transactional
cleaning phases. In the coarse versiGodr seCleaner), memory (STM) that provides support for atomic blocks,
students use a single global lock, while the fine-grain véflowing students to write transactional code of the form:

sion (FineCleaner) requires per-lane locks. void shoot() {
atomic {
. Lane | = getLane(rand());
2.3 Transactions if (1.getColor() == WHITE)

Finally, the students are asked to implement 3 TM-base - shoot(this. color);

variants of the rogues that share semantics with some logk-
ing versions, but use transactional memory for synchro-

Rogue name | Technique R/C Threads | Additional Requirements
Coarse | Single global lock not distinct.
Coarse2 | Single global lock not distinct rogues shoot at 2 random lanes
CoarseCleaner | Single global lock, conditions distinct conditions, wait/notify
Fine | Perlane locks not distinct
Fine2 | Perlane locks not distinct rogues shoot at 2 random lanes
FineCleaner | Per lane locks, conditions distinct conditions, wait/notify
™ | T™M not distinct
TM2 | TM not distinct rogues shoot at 2 random lanes
TMCleaner | TM distinct

Table 1: The nine different rogue implementations requfadhe sync-gallery project. The technique column in-
dicates what synchronization technique was required. TReTRreads column indicates whether coordination was
required between dedicated rogue and cleaner threads.oAnatlue of “distinct” means that rogue and cleaner in-
stances run in their own thread, while a value of “not digtinteans that the last rogue to shoot an empty (white) lane
is responsible for cleaning the gallery.



No such tool is yet available; implementing compilearity with concurrent programming concepts prior to the
support for atomic blocks, or use of a a source-to-sour@ssignment. Students then rated their experience with the
compiler such as spoon [1] were considered out-of-scog@ious tasks, ranking synchronization methods with re-
for the project. The trade-off is that students are forceddpect to ease of development, debugging, and reasoning
deal directly with the concrete syntax of our TM imple{Section 4.2).
mentation, and must manage read and write barriers exwhile grading the assignment, we recorded the type and
plicitly. We assigned the lab to 4 classes over 2 semestérsquency of synchronization errors students made. These
During the first semester both classes used DSTM2 [14fe the errors still present in the student’s final version of
For the second semester, both classes used JDASTM [24¢.code. We use the frequency with which students made

The concrete syntax has a direct impact on ease of pggrors as another metric of the difficulty of various syn-
gramming, as seen in Figure 2. Both examples peppéronization constructs.
the actual data structure manipulation with code that eX-To prevent experience with the assignment as a whole
plicitly manages transactions. We replaced DSTM2 in th&m influencing the difficulty of each task, we asked
second semester because we felt that JDASTM syntax Wfdents to complete the tasks in different orders. In
somewhat less baroque and did not require studentsefeh group of rogues (single-lane, two-lane, and separate
deal directly with programming constructs like genericgleaner thread), students completed the coarse-grained
Also, DSTMZ2 binds transactional execution to Specializqa@tk version first. Students then either Comp|eted the
thread classes. However, both DSTM2 and JDASTM rﬁne-grained or TM version second, depending on their
quire explicit read and write barrier calls for transactibnassigned group. We asked students to randomly assign
reads and writes. themselves to groups based on hashes of their name. Due

to an error, nearly twice as many students were assigned to
the group completing the fine-grained version first. How-
3 Methodol ogy everg,]their)e Werz no sgignificant giﬁerences in programming

time between the two groups, suggesting that the order in

Students completed the sync-gallery program as a pihich students implemented the tasks did not affect the
gramming assignment as part of several operating SYSte{R& i of each task

classes at the University of Texas at Austin. In total, 147

students completed the assignment, spanning two sections

each in classes from two different semesters of the courge; | imitations

The semesters were separated by a year. We provided an

implementation of the shooting gallery, and asked studeRtsrhaps the most important limitation of the study is the

to write the rogue classes described in the previous sewaich greater availability of documentation and tutorial in

tions, respecting the given invariants. formation about locking than about transactions. The nov-
We asked students to record the amount of time thely of transactional memory made it more difficult both

spent designing, coding, and debugging each programieach and learn. The concrete syntax of transactions is

ming task (rogue). We use the amount of time spent afso a barrier to ease of understanding and uses&eg.

each task as a measure of the difficulty that task preseritedtures about locking drew on a larger body of under-

to the students. This data is presented in Section 4.1. &fanding that has existed for a longer time. It is unlikely

ter completing the assignment, students rated their fantilat students from one year influenced students from the
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Figure 3: Average design, coding, and debugging time spemtrfalogous rogue variations.
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Figure 4: Distributions for the amount of time students $peding and debugging, for all rogue variations.

next year given the difference in concrete syntax betweless time than the column task. Pairs for which the signed-

the two courses. rank test reports a p-value ef .05 are considered statisti-
cally significant, indicating that the row task requiredsles
time than the column. If the p-value is greater than .05,

4 Evaluation the difference in time for the tasks is not statistically-sig
nificant or the row task required more time than the col-

We examined development time, user experiences, amdn task. Results for the different class years are sep-

programming errors to determine the difficulty of proarated due to differences in the TM part of the assign-

gramming with various synchronization primitives. Iment(Section 2.4).

general, we found that a single coarse-grained lock had

similar complexity to transactions. Both of these primi-

tives were less difficult, caused fewer errors, and had betYVe found that students took more time to develop the
ter student responses than fine-grained locking. initial tasks while familiarizing themselves with the as-

signment. Except for fine-grain locks, later versions of
similar synchronization primitives took less time than
4.1 Development time earlier, e.g. the Coarse2 task took less time than the
. . ) Coarse task. In addition, condition synchronization is dif
Figures 4 and 3 chargcterlze _the amount of t_|me t'ﬂ ult. For both rogues with less complex synchroniza-
students spenF d(IaS|gn|.ng., ) coding and debugging Miohn (Coarse and TM), adding condition synchronization
each synchronization primitive. On average, transackiond. .. ces the time required for development. For fine-

memory required more development time than Coarggin |ocking, students simply replace one complex prob-
locks, but less than required for fine-grain locks and congli-

) e : -~ fem with a second, and so do not require significant addi-

tion synchronization. With more complex synchronlzatlotribnal time.

tasks, such as coloring two lanes and condition synchro-

nization, the amount of time required for debugging in-

creases relative to the time required for design and codindn both years, we found that coarse locks and transac-

(Figure 3). tions required less time than fine-grain locks on the more
We evaluate the statistical significance of differences@omplex two-lane assignments. This echoes the promise

development time in Table 2. Using a Wilcoxon signeaf transactions, removing the coding and debugging com-

rank test, we evaluated the alternative hypothesis on eatdxity of fine-grain locking and lock ordering when more

pair of synchronization tasks that the row task requirdidan one lock is required.



4.2 User experience clearly indicate that transactional programming is easier

the types and frequency of programming errors does.
To gain insight into the students’ perceptions about the yp quency ot prog g

relative ease of using different synchronization techegqu While the students showed an impressive level of cre-
we asked the students to respond to a survey after ca@fivity with respect to synchronization errors, we found
pleting the sync-gallery project. The survey ends withtBat all errors fit within the taxonomy described below.
questions asking students to rank their favorite technique_ | ock ordering (lock-ord). In fine-grain locking so-
with respect to ease of development, debugging, reasoning |utions, a program failed to use a lock ordering dis-
about, and so on. cipline to acquire locks, admitting the possibility of

A version of the complete survey can be viewed at [2].  deadlock.

In student opinions, we found that the more baroquey, Checking conditions outside a critical section
syntax of the DSTM2 system was a barrier to entry for  (jock-cond). This type of error occurs when code
new transactional programmers. Figure 5 shows student checks a program condition with no locks he|d, and
responses to questions about syntax and ease of thinking subsequently acts on that condition after acquiring
about different transactional primitives. In the first slas  |ocks. This was the most common error in sync-
year, students found transactions more difficult to think  gajlery, and usually occurred when students would
about and had syntax more difficult than that of fine-grain  check whether to clean the gallery with no locks held,
locks. In the second year, when the TM implementation  sypsequently acquiring lane locks and proceeding to
was replaced with one less cumbersome, student opinions clean. The result is a violation of invariant 42}.
aligned with our other findingS: TM ranked behind coarse This type of error may be more common because no
locks, but ahead of fine-grain. For both years, other ques- yjsual feedback is given when it is violated (unlike
tions on ease of design and implementation mirrored these yaces for shooting lanes, which can result in purple

results, with TM ranked ahead of fine-grain locks. lanes).
3. Forgotten synchronization (lock-forgot).  This
4.3 Synchronization Error Characteriza- class of errors includes all cases where the program-
tion mer forgot to acquire locks, or simply did not realize

that a particular region would require mutual exclu-
We examined the solutions from the second year’s class in sion to be correct.
detail to classify the types of synchronization errors stu4. Exotic use of condition variables (cv-exotic). We
dents made along with their frequency. This involved both  encountered a good deal of signal/wait usage on con-
a thorough reading of every student’s final solutions and dition variables that indicates no clear understanding
automated testing. While the students’ subjective evalu- of what the primitives actually do. The canonical ex-
ation of the ease of transactional programming does not ample of this is signaling and waiting the same con-

Year 1 Year 2
Best syntax Best syntax

Answers 1 2 3 4 Answers 1 2 3 4
Coarse| 69.6% | 17.4% 0% 8.7% Coarse| 61.6% | 30.1%| 1.3%| 4.1%
Fine | 13.0% | 435% | 17.4% | 21.7% Fine 5.5% | 20.5% | 45.2% | 26.0%
™ 8.7% | 21.7% | 21.7% | 43.5% TM | 26.0% | 31.5% | 19.2%| 20.5%
Conditions 0% | 21.7% | 52.1% | 21.7% Cond.| 5.5% | 20.5% | 28.8% | 39.7%

Easiest to think about Easiest to think about
Answers 1 2 3 4 Answers 1 2 3 4
Coarse| 782% | 13.0%| 4.3% 0% Coarse| 80.8% | 13.7% 1.3% 2.7%
Fine 4.3% | 39.1% | 34.8% | 17.4% Fine 1.3% | 38.4% | 30.1%| 28.8%
™ 8.7% | 21.7% | 26.1% | 39.1% ™™ | 16.4% | 31.5% | 30.1% | 20.5%
Conditions| 4.3% | 21.7% | 30.4% | 39.1% Cond.| 4.1% | 13.7% | 39.7% | 39.7%

Figure 5: Selected results from student surveys. Columnbeusnrepresent rank order, and entries represent what
percentage of students assigned a particular synchramiz&chnique a given rank (e.g. 80.8% of students ranked
Coarse locks first in the “Easiest to think about categoryfi)the first year the assignment was presented, the more
complex syntax of DSTM made TM more difficult to think abouh the second year, simpler syntax alleviated this
problem.



Coarse Fine TM | Coarse2| Fine2 TM2 | CoarseCleaner FineCleaner| TMCleaner

Coarse Y1 1.00 0.03 0.02 1.00 0.02 1.00 0.95 0.47 0.73
Y2 1.00 0.33 0.12 1.00 0.38 1.00 1.00 0.18 1.00

Fine Y1 0.97 1.00 0.33 1.00 0.24 1.00 1.00 0.97 0.88

Y2 0.68 1.00 0.58 1.00 0.51 1.00 1.00 0.40 1.00

™ VY1 0.98 0.68 1.00 1.00 0.13 1.00 1.00 0.98 0.92

Y2 0.88 0.43 1.00 1.00 0.68 1.00 1.00 0.41 1.00

Coarse2 Y1| <0.01 | <0.01 | <0.01 1.00 | <0.01 | <0.01 <0.01 <0.01 <0.01
Y2 | <001 | <0.01 | <0.01 1.00 | <0.01 0.45 <0.01 <0.01 <0.01

Fine2 VY1 0.98 0.77 0.87 1.00 1.00 1.00 1.00 1.00 0.98

Y2 0.62 0.49 0.32 1.00 1.00 1.00 0.99 0.59 1.00

TM2 Y1 | <0.01 | <0.01 | <0.01 0.99 | <0.01 1.00 0.04 <0.01 <0.01

Y2 | <0.01 | <0.01 | <0.01 0.55 | <0.01 1.00 <0.01 <0.01 <0.01
CoarseCleaner Y1 0.05]| <0.01 | <0.01 1.00 | <0.01 0.96 1.00 <0.01 0.08
Y2 | <001 | <0.01 | <0.01 1.00 | <0.01 1.00 1.00 <0.01 0.96
FineCleaner Y1 0.53 0.03 0.02 1.00 | <0.01 1.00 0.99 1.00 0.46
Y2 0.83 0.60 0.59 1.00 0.42 1.00 1.00 1.00 1.00
TMCleaner Y1 0.28 0.12 0.08 1.00 0.03 1.00 0.92 0.55 1.00
Y2 | <0.01 | <0.01 | <0.01 0.99 | <0.01 1.00 0.04 <0.01 1.00

Table 2: Comparison of time taken to complete programmisgstdor all students. The time to complete the task on
the row is compared to the time for the task on the column. Eatlilcontains p-values for a Wilcoxon signed-rank
test, testing the hypothesis that the row task took less titae the column task. Entries are considered statistically
significant whenp < .05, meaning that the row task did take less time to complete tharcolumn task, and are
marked in bold. Results for first and second class years poetesl separately, due to differing transactional memory

implementations.

dition in the same thread. 7.
5. Condition variable use errors (cv-use). These
types of errors indicate a failure to use condition vari-
ables properly, but do indicate a certain level of un-
derstanding. This class includes use bfinstead of
whi | e when checking conditions on a decision to
wait, or failure to check the condition at all before 8.
waiting.
6. TM primitive misuse (TM-exotic). This class of er-
ror includes any misuse of transactional primitives.
Technically, this class includes mis-use of the API,
but in practice the only errors of this form we saw

TM ordering (TM-order). This class of errors rep-
resents attempts by the programmer to follow some
sort of locking discipline in the presence of trans-
actions, where they are strictly unnecessary. Such
errors do not result in an incorrect program, but do
represent a misunderstanding of the primitive.
Forgotten TM synchronization (TM-forgot). Like

the forgotten synchronization class above (lock-
forgot), these errors occur when a programmer failed
to recognize the need for synchronization and did not
use transactions to protect a data structure.

were failure to callBegi nTransacti on before ~ Table 3 shows the characterization of synchronization
calling EndTr ansact i on. Omission of read/write for programs submitted in year 2. Figure 6 shows the
barriers falls within this class as well, but it is interoverall portion of students that made an error on each pro-

esting to note that we found no bugs of this form. gramming task. Students were far more likely to make an
error on fine-grain synchronization than on coarse or TM.

lock-ord | lock-cond | lock-forgot | cv-exotic | cv-use | TM-exotic | TM-order | TM-forgot

occurrences 11 62 26 11 14 5 4 1
opportunities 134 402 402 134 134 201 201 201
rate 8.2% 6.5% 15.4% 8.2% | 10.5% 2.5% 2.0% 0.5%

Table 3: Synchronization error rates for year 2. The ocoiwes row indicates the number of programs in which at
least one bug of the type indicated by the column header meatuiT heopportunities row indicates the sample size
(the number of programs we examined in which that type of lmuddcarise: e.g. lock-ordering bugs cannot occur in
with a single coarse lock). Thete column expresses the percentage of examined programsréngtthat type of

bug. Bug types are explained in Section 4.3.
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Figure 6: Overall error rates for programming tasks. Errrsbshow a 95% confidence interval on the error rate.
Fine-grained locking tasks were more likely to contain extban coarse-grained or transactional memory (TM).

About 70% of students made at least one error on the Flae  Conclusion
and Fine2 portions of the assignment.
To our knowledge, no previous work directly addresses
the question of whether transactional memory actually de-
livers on its promise of being easier to use than locks.
This paper offers evidence that transactional program-
5 Rdated work ming really is less error-prone than high-performance
locking, even if newbie programmers have some trouble
understanding transactions. Students subjective evalua-
Hardware transactional memory research is an active tien showed that they found transactional memory slightly
search field with many competing proposals [4—7, 9—11arder to use than coarse locks, and easier to use than fine-
15-17,19-23, 26]. All this research on hardware meaprain locks and condition synchronization. However, anal-
anism is the cart leading the horse if researchers neysis of synchronization error rates in students’ code gield
validate the assumption that transactional programmingaignore dramatic result, showing that for similar program-
actually easier than lock-based programming. ming tasks, transactions are considerably easier to get cor

. . rect than locks.
This research uses software transactional memory

(which has no shortage of proposals [3, 12-14, 18, 25]),

but its purpose is to validate how untrained programmeidef er ences

learn to write correct and performant concurrent programs

with locks and transactions. The programming interfacB] Spoon, 2009. http://spoon.gforge.inria.fr/.

for STM systems is the same as HTM systems, but with2] Sync-gallery survey: http://www.cs.utexas.edu/users/witchel/tx/sync-
out compiler support, STM implementations require ex- 9alery-surveyhtml, 2009.

plicit read-write barriers, which are not required in ari3] A-R.Adl-Tabatabai, B. Lewis, V. Menon, B. Murphy, B. S and
HTM. Compiler integration is easier to program than us- tTré iggi{;ﬁg%gﬁ?gg}'%ﬁg’rgzmgggpport for efficient safwa
mg aTM Ilbrary [8] .FUt'.Jre WOI’!( research could mvgs-g] Lee Baugh, Naveen Neelakantam, and Craig Zilles. Using-ha
tigate whether compiler integration lowers the perceived” \yare memory protection to build a high-performance, strongly
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