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Abstract

The advent of multicore processors has made concurrent programmitgjsTmoanda-
tory. However, most concurrent programming models come with two major pitfatis-
determinism and deadlocks. By determinism, we mean the output behaviormbt@am is
independent of the scheduling choices (e.g., the operating system) panddeonly on the
input behavior. A few concurrent models provide deterministic behawiqorbviding con-
structs that impose additional synchronization, but the improper or thefauder use of
these constructs leads to problems like deadlocks.

In this proposal, | argue for both determinism and deadlock-freedonrofdgse tools
that aid determinism - language constructs for writing deterministic programngiters that
generate deterministic code and libraries that provide deterministic constAddgionally,
| discuss techniques to check for features like deadlocks that resuit thhe use of these
deterministic constructs. The goal is to provide deadlock-free determinigmminimal loss
of performance.
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1 Introduction

Non-deterministic functional behavior arising from tirginariability is one of the biggest prob-
lems of concurrent programming. The program in Figure 1 is-deterministic. It uses Cilk [3]-
like syntax. It creates two tasksandg in parallel using thespawnconstruct. Clearly, x is getting
modified concurrently by both the tasks, so the value prittedhis program is either 3 or 5
depending on the schedule.

void f(int &a) {
a=3;
}

void g(int &b) {

b=5;
}

main() {
intx=1;
spawn £x)
spawn dgx) ;
syng /x Wait for f and g to finish«/
print x;
}

Figure 1: A non-deterministic parallel program

Such non-determinism makes debugging all but impossibtause unwanted behavior is
rarely reproducible. Re-running a non-deterministic pangion the same input usually does not
produce the same behavior. Deterministic replay systentq facilitate debugging of concurrent
programs but they incur a very high runtime overhead, angldhe input dependent.

By contrast, all sequential programming languages (e.g.r€yaterministic: they produce
the same output given the same input. Inputs include usuajdhsuch as files and command-
line arguments, but for reproducibility and portabilitigirtgs such as the processor architecture,
the compiler, and even the operating system are not coesidgputs. This helps programmers by
making it simpler to reason about a program and it also sfraplverification because if a program
produces the desired result for an input during testingilitde so reliably.

Sequential consistent concurrent models are stricter geaeral concurrent models but they
allow races. Models based on atomic transactions and loeksee free but are not deterministic.
For instance, protectingby a lock in Figure 1 will still produce non-deterministictput. Concur-
rent software languages are generally based on these nauklsse traditional shared memory,
locks, and condition variables model (e.g., pthreads as)Javhey are non-deterministic because
the output of a program may depend on such things as the oesgstem’s scheduling policy,
the relative execution rates of parallel processors, ahdrdahings outside the application pro-
grammer’s control. Not only does this demand a programmesider the effects of these things
when designing the program, it also means testing can oglya ggogrammaybehave correctly
on certain inputs, not that it will.

| agree with Bocchino et al. [15] that the programming envinemt should ensure input-output
determinism. By determinism, we mean that the program’sudwstpould only depend on the input,
and not on the environment (operating system scheduleegsoc, cache etc.). A few concurrent
programming languages provide determinism through tla@igllage semantics. SHIM [11, 22],
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Section(s) Categories The question to be answered
3.1 Detgrmlnlsm, Are deterministic languages efficient?
Efficiency
Determinism, o : . L
3.2 Deadlock-freedom How easy is it to statically detect deadlocks in deterministic program
3.3, 3.5 Dete_rr_nlnlsm, Is optimization easy when there is determinism?
Efficiency
3.4 Detgrmlnlsm, Can we obtain determinism through a library?
Efficiency
Determinism, , , . L L )
41.1 Deadlock-Freedo Is it possible to resolve deadlocks during runtime in deterministic progra
Determinism,
41.2 Deadlock-freedom| Can we design deterministic, deadlock-free constructs for concyf?enc
Efficiency

Table 1. Summary of my research

for example is an asynchronous concurrent language thethélsling-independent: its input/out-
put behavior is not affected by any non-deterministic salieg choices taken by its runtime en-
vironment due to processor speed, the operating systemggiihng policy, etc. A SHIM program
is composed of sequential tasks that synchronize whenleggnant to communicate. The lan-
guage is a subset of Kahn networks [16] (to ensure determjrtisat employs the rendezvous of
Hoare’s CSP [13] for communication to keep its behavior &blgt. SHIM is a strict subset of
Kahn networks, it inherits Kahn’s scheduling independenbe sequence of data values passed
across each communication channel is guaranteed to bertteefeaall correct executions of the
program (and potentially input-dependent). The centrabliyesis of SHIM is that deterministic
concurrent languages are desirable and practical. Thigyeghe programmer from considering
different execution orders.

While deterministic concurrent models are interestingy thiee rise to a number of problems.
For example, if the tasks do not synchronize in the right odidined by the synchronization
protocol, we obtain a deadlock. A deadlock is a situationmtne or more tasks are indefinitely
waiting for each other to finish. Deadlocks are frustrating generally hard to manually detect
during run-time.

My work has mainly been with the SHIM programming languagé&hV8HIM, | demonstrate
that determinism has advantages for optimization, andivation because it makes it easier for
an automated tool to understand a program’s behavior. Thensae is particularly helpful for
verification, which for SHIM can ignore differently intedeed executions. Although statements
in concurrently running SHIM processes may execute in afie orders, SHIM’s determinism
guarantees this will not affect the result of the program aernce any property being checked.

In this proposal, | begin by describing the SHIM language attn 2. | then discuss my
contributions to the language. In Section 3.1, | demoresttla¢ efficiency of the language on
shared-memory and heterogeneous processors throughlemrtpat generate code for these ar-
chitectures. Then, in Section 3.2, | discuss static vetibogechniques to find deadlocks in SHIM.



In Section 3.3, | apply similar verification techniques talfimpportunities for memory optimiza-
tion in SHIM. Then in Section 3.4, we discuss ways of impletmgnSHIM as a library. | have also
extended these ideas to other languages like X10 in SecttorFally, | conclude by exposing
some of the open problems in this area that | wish to addreg®ifuture. Table 1 summarizes
my work.

2 The SHIM Programming Language

The SHIM model guarantees functional determinism by retétig inter-thread communication to
a multi-way rendezvous mechanism. There are no sharedlesian SHIM; if two tasks have to
communicate, they do it through explicit rendezvous comication. The SHIM language, which
embodies the model, is a C-like language with additional waots for concurrency. Specifically,

e p par qruns the statementsandq concurrently, waiting for both statements to finish before
proceeding. There are no global variables. To access sHatadSHIM tasks communicate
through multi-way rendezvous.

e sendandrecvare blocking communication operators on channels.

1 f(chaninta) {

2/l ais acopy of c

3 a=3;recva; /l agetsc’s value
4 [la=5

5}

6

7 g(chan int &b) {

8 [/l bis an alias for c

9 b =5; send b; // synchronize with f
10 /lb=5

11}

12

13 main() {

14 chanintc=0;

15 f(c); par g(c);

16 /lc=5;

17 }

The program creates two tasksandg, and runs them in parallel. Thear statement blocks
until both f andg terminate.c is a channel and both andb are incarnations of. g takesc by
reference; any modification dfis therefore reflected in maints f takesc by value, and hence
maintains a local copy of it. Supposewants to receive the updated value, then it explicitly calls
recvona. This statement synchronizes wigbnd bof g to exchange values.

The language prohibits any variable from being passed l®reate to more than one task at
a time and this makes it impossible for a task to modify anotéigk’s copy of a variable through
a simple assignment. Only a reference variable can act asdeisgass-by-value channels are
always receivers. The compiler rejects programs that déatiotv this rule.

To make communication deterministic, a send or receivesiatl the task sharing the channel
to synchronize on eithesendor recy, with at most one task acting as a sender, but allowed to have
multiple receivers. All receivers participating in the deavous receive the same value.

In the presence of a fair scheduler, any SHIM program is gueea to give the same output

for a given input.
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Figure 2: Behavior ofFT on the Cell Processor (Run on a 20 MB audio file, 1024-point FFTS)

3 Contributions

My work has been to prove that simple, deterministic sendmlps both programming and auto-
mated program analysis. | have been able to devise effetg@ahanisms for code generation and
analysis (e.g., deadlock detection, memory reductionHiVBthat can gain deep insight into the

behavior of programs. In this section, | discuss my contrins in brief.

3.1 Generating Code from SHIM

Deterministic concurrency generally adds additional &yogization to programs and therefore re-
sults in performance degradation. To measure the perfarep&dwards, Tardieu and | developed
a backend [12] for SHIM that generates C code that made @atlsetProsix thread (pthread) li-
brary to ask for parallelism. Each communication actioruares the lock on a channel and checks
whether every process connected to it had also blockegWibether the rendezvous could occur).
Table 2 shows statistics for a JPEG Decoder [24] with ourgattibackend on an Intel Quad Core
Machine. The parallel version achieves 8%« speedup: 76% of an ideal4speedup on four
cores.

Cores Tasks Time Speedup

1 Sequential 25s .Q
4 3 16 16
4 4 93 27
4 5 87 29
4 6 82 3.05
4 7 86 29

Table 2: Behavior of a JPEG decoder on a quad-core machine ({Rar26 MB 21600« 10800
image that expands to 668 MB).

Edwards and | also developed a backend for IBMIER_L processor [27]. Being a direct off-
shoot of the pthread backend, it allows the user to assigrpatationally intensive tasks to the
CELL’s synergistic processing units#us); remaining tasks run on tleeELL’S PowerPccore PPU).
Figure 2 shows execution times for arTt on the cell engine. We observed a near-ideal speedup
for the FFT on six SPEs.



Example Lines Channels Tasks Result Runtime Memory  States

Source-Sink 35 2 11 No Deadlock 0 39 MB 97
Pipeline 30 7 13 No Deadlock .D 20 95
Prime Number Sieve 35 51 45 No Deadlock .71 254 32x10°
Berkeley 40 3 11 No Deadlock D 7.2 139
FIR Filter 100 28 28 No Deadlock ] 134 4134
Bitonic Sort 130 65 167 No Deadlock B 638 25
Framebuffer 220 11 12 No Deadlock 71 116 9593
JPEG Decoder 1020 7 15 May Deadlock .90 856 571
JPEG Decoder Modified 1025 7 15 No Deadlock .90 856 303

Table 3: Results of applying our deadlock detector technaqu8HIM programs

3.2 Deadlock Detection for SHIM

The language design of SHIM makes verification easy. Oneeptbperties | tried to verify is
deadlock-freedom. SHIM is notimmune to deadlocks (€.gecv a; recv b} par{ send b; send a;
} is about the simplest examplegcv aof the first task waits fosend a andsend bof the second
task waits forrecv hy and therefore the two tasks wait for each other infinitelga8locks in SHIM
cannot occur because of race conditions. For example, be&dIM does not have races, there
are no race-induced deadlocks, such as the “grab locks iositeporder” deadlock race present
in many other languages. In other words, if a SHIM prograndttezks, it deadlocks under all
schedules for a given input.

In general, SHIM does not need to be analyzed under an iatetemodel of concurrency
since most properties, including deadlock, are the sameruaigy schedule. So all the clever
partial order tricks used by model checkers such as SPIN §td]not necessary for SHIM.

Edwards and | [25] first considered using the symbolic symebus model checker NuSMV [9]
to detect deadlocks in SHIM—an interesting choice sinceMBsitoncurrency model is funda-
mentally asynchronous. Our approach was to abstract awaygarations and choose a specific
schedule in which each communication event takes a single.cyhis reduced the SHIM program
to a set of communicating state machines suitable for theMNu8odel checker.

We ran our deadlock detector on various SHIM programs on a 3 Bgttium 4 machine with
1 GB RAM. Table 3 lists our results. The Lines column shows facheexample the number of
lines of code including comments. The Channels and Tasksnrduist the number of channels
and concurrently running tasks we find after expanding tekstanto a tree and removing non-
trivial tasks. Runtimes include the time taken for compiafiabstraction, generating the NuSMV
model, and running the NuSMV model checker. As expectednibeel checking time dominates
on the larger examples. The Memory column reports the tesidlent set size used by the verifier.
The States column reports the number of reachable stateMMd8und. Our tool is able to
quickly check programs (in seconds) while using a reasenaflount of memory. While larger
programs will be harder to verify, our technique is cleanggtical for modestly sized programs.

Recently, Shao, Edwards and | [20] continued our work on ae&dietection in SHIM. This
time, we took a compositional approach where we build anraaton for a complete system piece
by piece. Our insight is that we can usually abstract awagrimal channels and simplify the
automaton without introducing or avoiding deadlocks. Téwsuit is that even though we are doing
explicit model-checking, we can often do it much faster thastate-of-the art symbolic model
checker such as NUSMV.



Example Lines Channels Tasks Bytes Saved Buffer Reduction Rtime States

Source-Sink 35 2 11 4 50 % .Ds 394
Pipeline 35 5 9 16388 25 D 68
Bitonic Sort 35 5 13 12 60 Q 135
Prime Number Sieve 40 5 16 12 60 .50 122
Berkeley 40 3 11 4 333 06 285
FIR Filter 110 28 28 52 483 138 74646
Framebuffer 185 11 16 28 .@o2 13 15761
FFT 230 14 15 344068 50 .® 3750
JPEG Decoder 1020 7 15 772 .50 18 517

Table 4. Results with our static buffer optimization techugq

3.3 Buffer Sharing in SHIM

SHIM’s elegant design also facilitates memory optimizaticEdwards and | applied a model-
checking approach to search for situations where buffer ongrwan be shared [26]. In general,
each communication channel needs its own space to storeasayding communicated over it,

but in certain cases, it is possible to prove that two chancesh never be active simultaneously.
1 void main()
2 {
3 chaninta, b, c;
4 {/l Task 1
send a = 6; // Send a (synchronize with task 2)
} par {// Task 2
recv a; // Receive a (synchronize with task 1)
sendb=a+ 1; // Send 7 on b (synchronize with task 3)
9 }par{// Task 3
10  recv b; // Receive b (synchronize with task 2)
11 sendc=b+1; // Send 8 on c (synchronize with task 4)
12 } par {// Task 4
13 recv c; // Receive c (synchronize with task 3
14 /[ c=8here
15 %
16 }

o ~N O O

In the above program, the main task starts four tasks inlphraaisks 1 and 2 communicate on
a. Then, tasks 2 and 3 communicateland finally tasks 3 and 4 an The value ot received by
task 4 is 8. Communication ancannot occur simultaneously with thatlmbecause task 2 forces
them to occur sequentially. Similarly communicationskoandc are forced to be sequential by
task 3. Communications anandc cannot occur together because they are forced to be segjuenti
by the communication ob. Our tool understands this and reports thdi, andc can share buffers
because their communications never overlap, thereby meglitivze program’s buffer requirements
by 66%.

Our technigue produces a static abstraction of a SHIM prograynamic behavior, which
we then analyze to find buffers that can share memory. Expetiatly, we find our technique
runs quickly on modest-sized programs and can sometimeseademory requirements by half;
Table 4 lists the results of running the experiments on a 3 Belatium 4 Linux machine with
1 GB RAM. The columns list the number of lines of code in the pang, the total number of
channels it uses, the number of tasks that take part in comeation (i.e., excluding any func-
tions that perform no communication), the number of bytebudfer memory saved by applying
our algorithm, what percentage this is of overall buffer memthe time taken for analysis (in-
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cluding compilation, abstraction, verification, and grimgpbuffers), and the number of states our
algorithm explored.

3.4 A SHIM-like Library in Haskell

Next, | wanted to explore the feasibility of a model like SH#d a library. Singh, Edwards and
| [29] developed a deterministic concurrent communicatibrary for an existing multi-threaded
language. We implemented the SHIM model in the Haskell ioneal language, which supports
transactional memory. Figure 3 compares the executiorstwh@ concurrent Systolic 1-D filter
running on 50 000 samples that uses our library, with theesatipl version. The experiments were
run on an 8-core Intel Machine.

Our experiences do provide insight for the library vs. leagr debate. While the library
approach has the advantage of leveraging features of théangsiage, we encountered a number
of infelicitous that made the library difficult to implemesud use.

3.5 Clock Optimization in X10

| have extended my ideas to other concurrent languages.ietardolby, Edwards and | devel-
oped a tool [30] that mitigates the overhead of general-gaalocks in IBM’s X10 language by
analyzing how programs use the clocks and then by choositigiiaed implementations when
available. These clocks are similar to SHIM’s communigatonstructs.

Clocks in X10 are a mechanism for providing synchronizatiarribrs in concurrent program-
ming languages. They are usually implemented using prengommunication mechanisms and
thus spare the programmer from reasoning about low-levalementation details such as remote
procedure calls and error conditions. Clocks provide fléiyhibut programs often use them in
specific ways that do not require their full implementatidve developed a tool that mitigated the
overhead of general-purpose clocks by statically anadyhmw programs use them and choosing
optimized implementations when available.

Our technique models an X10 program as a finite automatongm@ ¢ data but consider the
possibility of clocks being aliased. We pass this automatothe NuSMV model checker [9],



which reports erroneous usage of a clock and whether a plarticlock follows certain idioms.

If the clocks are used properly, we use the idiom informatmnestructure the program to use a
more efficient implementation of each clock. The result iastdr program that behaves like one
that uses the general-purpose library.

Our analysis flow has been designed to be flexible and amebatdepporting a growing
variety of patterns. In the sequel, we focus on inexpengingigs that can be answered by treating
programs as sequential. While analysis time is negligigdeedup is considerable and varies
across benchmarks from a few percent toai@provement in total execution time.

4 Research Plan

4.1 Future Work

| plan to extend my ideas in different directions. In thists®g | discuss some of my short term
goals.

4.1.1 Runtime Deadlock Removal for SHIM

SHIM is a deterministic concurrent programming languagé, ibis prone to deadlocks. The
static deadlock detector for SHIM is not completely acaursihce it may give false positives.
Secondly, even if the deadlock is detected correctly, ihésgrogrammer’s job to rectify the code.
| therefore propose a dynamic deadlock detection algoritihiat breaks deadlock cycles during
program execution, but deterministically. Given a prograithh deadlock, the resultant behavior
is a deadlock-free execution whose output is only depermettie input.

Whenever a set of tasks deadlock in SHIM, we’ll use a magic whatlwakes up the dead-
locked tasks and tells them to go ahead with their executiagti®out waiting for their counter
operations from peer tasks. At this point, all the deadlddiesks synchronize to break the dead
lock and go ahead with their executions. Before any deadtbekexecution of the SHIM program
will be deterministic because of the property of the SHIM mlod he deadlock breaking step is de-
terministic because it just advances all the deadlockdd td$he program is deterministic after the
deadlock is broken, because the remaining statements aceited normally following SHIM’s
principle. Therefore, we still maintain determinism evdterintroducing a run-time deadlock
breaker to the basic SHIM model.

P—(q P—
S r S
(a) A possible SHIM network (b) An impossible

SHIM network. p has
two outgoing edges

qHQ

Figure 4. Possible and impossible configurations of taskiserSHIM model



1 void f(out a, in c¢)

2
3

w0 ~NO U b

{
send a = 1; /« Deadlocking actior/
/x Writes 1 to channel ‘a’ after the deadlock is brokén
recv c; /x Another deadlocking actior/
/x Receives 3 after the deadlock is brokén
}

9 void g(out b, in a)

10
11
12
13
14
15
16

{
send b = 2; /x Deadlocking action/
/x Writes 2 to channel ‘b’ after the deadlock is broken
recv a; /+ Another deadlocking actior/
/x Receives 1 after the deadlock is broken
}

17 void h (out ¢, in b, out d)

18
19
20
21
22
23
24
25

{
send ¢ = 3; /«x Deadlocking actionx/
[« Writes 3 to channel ‘c’ after the deadlock is broken
recv b; /« Another deadlocking actio®/
[+ Receives 2 after the deadlock is broken
send d = 4;
}

26 void i (in d)

27
28
29
30
31
32
33
34
35
36
37

{
}

recv d; /= Receives 4/

main() {
/x Create 4 channels and initializes them witk/0
chaninta=0,b=0,c=0, d=0;
/x Run f, g, h and i in parallek/
f(a, c) par g(b, a) par h(c, b d) par i(d) ;
/x Here:a=1,b=2,c=3,d=
}

Figure 5: An example of a deadlock and the effect of my de&dtweaking algorithm

To remove deadlocks, we maintain a dependency graph duwrimgne. The vertices of the
graph are task numbers. Whenever a tpaslalls sendon a channel, it waits for a peer tagko
do its counter operatiorecvon the same channel. If tagks also ready to communicate, then the
two tasks rendezvous and the communication is succesdiiithéother hand if tasiis not ready
and doing some other work, then taskndicates that it is waiting by adding an edge frgnto g
in the dependency graph. Themnchecks if there is a path frompleading back to itself. If there is
a cycle, then the program has a deadlock. This cycle findygrihm is not expensive because of
the following reason. By SHIM semantics, at any instant, k ¢as at most block on one channel.
Therefore, there is at most one outgoing edge from any paskee Figure 4. Consequently, the
cycle finding algorithm takes linear time with the numberaxfis.

Since every task updates edges originating from its ventéxa shared dependency graph, the
addition of edges by two tasks to the shared dependency geaphe done concurrently. This is
because no two tasks are going to add the same edge (i.e gamvéll the same end vertices).

Two or more tasks can check for a cycle concurrently and &t leae task in the deadlock
will detect a cycle. This is because every task adds the edgeafid then checks for a cycle. If

9



a cycle is found, then the first task to detect a cycle, clda@<ycle by removing the edges in the
dependency graph and signals all other blocked process$ias aycle to revive.

All revived tasks (including the task that signalled) nowngete their communication by not
waiting for their counter operations. A reviveecv operation receives the last value seen on the

channel. A revivegendvalue puts the new value on the channel by performing a dumnitg.w

f—09

i h
(a) f blocks atsend a

f—9

N

i—nh

(d) Next,g blocks atsend b

f«—9

|

i—>h

(9) g blocks onrecv a

f—9

i h
(b) next,h blocks atsend ¢

f g
i—h

(e) gdetects a cycle, revivels
andh, and breaks the cycle

f—9

N\

i—nh

(h) f blocks onrecv ¢

f—9
i—nh

(c) Next,i blocks atrecv d

f g

T

I—h

(f) hblocks onrecv b

f g
I—h

(i) f detects a cycle, revives g

and h, and breaks the cycle

f g

i h
() h doessend d communi-

cation successful because i is
already waiting

Figure 6: Building the Dependency Graph for Figure 5

We will now run this technique on a simple example shown inufegs. There are four tasks
running simultaneously. Tasks send awaits forg's recv a Taskg's send bwaits forh's recv h
Taskh’'s send cwaits for f’s recv ¢ In the absence of a deadlock breaker, the three tasks wait fo
each other causing a deadlock.

If we break the deadlocks in the program, the program withieate. The deadlock breaking
technique for Figure 5 is shown in Figure 6. Suppbdsmlissend &first (Figure 6(a)), it realizes
thatg is not ready to receiva and thereforef adds an edge from vertei(itself) to vertexg in
the dependency graph. It then checks if there is a cycle.eSime cycle has not yet formed,
suspends itself. Next, i callssend c(Figure 6(b)), it finds thaf is not ready to receive and
thereforeh adds an edge from vertéx(itself) to vertexf, sees that there is no cycle and suspends
itself. Next, ifi callsrecv d(Figure 6(c)), it realizes thdt is not yet ready tsend d Therefore

10



adds an edge from vertéxo vertexh, sees that there is no cycle and suspends itself. gexlls
send h(Figure 6(d)) and it adds an edge from vertgftself) to h.

After g adds an edge from itself to, g runs the deadlock detection algorithm and detects a
cycle. It (Figure 6(e)) now removes the edges in the cychyes all the tasks in the deadlock.
Now the revived tasks go ahead with their operations (withweaiting for the counterparts)f
writes 1 to channel g writes 2 to channel b anawrites 3 to channel ¢ This modifiesains copy
of a, b andc. The three tasks then move to their next statements.

Next, the taskd, g andh deadlock again on thenrecvs forming a cycle (Figures 6(f), 6(g)
and 6(h)). The deadlock is broken by one of the tasks (faskFigure 6(i)). f receives whatever
was last put on the channelvhich is 3. Similarly,g receives 1h receives 2. Then tasksandg
terminate. Now task callssend d(Figure 6(j)) and finds thatis ready to receive on channel
The two task$ andi rendezvous to communicate, and they finally terminate.

The advantages of this method are that the deadlock detdetbnique can run concurrently
and in linear time. However, two or more tasks may detect éecgimultaneously; therefore we
need only one of the tasks to take the responsibility of regiwther tasks. We therefore require
some sort of synchronization to break the deadlock but ndétect a deadlock.

4.1.2 Deterministic, Deadlock-free X10

X10 [7, 19] is a parallel, distributed object-oriented lange. To a Java-like sequential core, it
adds constructs for concurrency and distribution throbghconcepts ddctivitiesandplaces An
activity is a unit of work, like a thread in Java; a place is@i¢al entity that contains both activities
and data objects.

Activities that share a place share a common heap. This $thmg possibility of data races
and non-determinism in X10 programs. | wish to build new tautss that provide determinism in
X10. In contrast to SHIM, | plan to design deadlock-free ¢angs for determinism.

The idea is as follows. We allow multiple tasks to write to argd variable concurrently, but
we define a commutative, associative reduction operatomttiaoperate on these writes.

The program in Figure 7 creates three tasks in paréliglandh. f andg are modifyingx. For
simplicity, | have used Cilk[3]-like syntax. Even thoughandg are modifyingx concurrently,f
sees the effect @f only when it executesext Similarly g sees the effect df only when it executes
next When a task executext, it waits for all tasks that share variables with it to alse@xte
next Thenextstatement is like a barrier. At this statement, the sharedblas are reduced using
the reduction operator. In the example in Figure 7, the réolioperator is+ because x is declared
with a reduction operatof in line 25. Therefore after theext statement, the value afis 8 and
it is reflected everywhere. Functidnalso rendezvous witlh andg by executingnextand thus it
obtains the new value 8.

It is also possible tmot define a reduction operator on a shared variable. Then, gtadsk
among the spawned process (in program source order) ovesvitie value. For example, in
Figure 7, if the declaration of x in line 25 ist x rather thannt (+) x, then x’s value aftenextwill
be the value written by (x) which is 3. This is becausix) is the first concurrent process that is
spawned.
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1 void f(int &a) {
[x ais 1x/
a=3;
/xais 3, xis 1/
next, /x The reduction operator is applied
/x ais now 8, X is 8/
}

~No g~ WwWwN

8

9 void g(int &b) {

10 /xbis 1%/

11 b=5;

12 /xbis 5, xis 1x/

13 next /x The reduction operator is applied
14 /+x bis now 8, x is 8/

15 }

16

17 void h (int &c) {

18 /xcisl, xis 1x/

19 next

20 /% cis now 8, X is 8«/

21

22 }

23

24 main() {

25 int (+) x=1;

26 [/« If there are multiple writers, reduce
27 using the + reduction operatef
28 spawn £x);

29 spawn gX) ;

30 spawn KXx);

31 syng

32 [xXis 8x/

33}

Figure 7: Allowing multiple writers

4.2 Plan for completion of the research

Table 5 shows my plan for completion of the research.
Thus, | plan to defend my thesis in May 2011.

5 Related Work

A number of groups are working on a similar problem. In thistie®, | review some of the related

work and compare them with mine.

5.1 Determinizing Tools

There are a number of tools that provide determinism. Fomgka, in the absence of data races,
Kendo [18] ensures a deterministic order of all lock acduiss for a given program input. How-
ever, if we have the sequentmk(A); lock (B)by one thread antbck(B); lock(A) by another
thread, the deterministic ordering of locks could stilld¢a a deadlock.

The DMP [10] tool uses a deterministic token that is passedrat all threads. A thread to
modify a shared variable must first wait for the token and fbthmeads to block on that token.
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Timeline Work Progress

Spring 2007 Compiling SHIM to Shared Memory Multiprocessors DATE 20@3 [

Summer 2007 A SHIM-like Library in Haskell IPDPS 2008 [29]

Fall 2007 Static Deadlock Detection for SHIM MEMOCODE 2008 [25]
Spring 2008 Compiling SHIM to Heterogeneous Multicores SAC 2009 [27]
Summer 2008 Analysis and Specialization of Clocks in X10 CC 2009 [30]

Fall 2008 Buffer Sharing in SHIM Programs MEMOCODE 2009 [26]
Spring 2009 Compositional Deadlock Detection EMSOFT 2009 [20]
Fall 2009 Overview and Ideas for Thesis IPDPS Workshop 2010 [17]
Spring 2010 Deterministic Concurrency in X10 In progress at IBM

Fall 2010 Run-time deadlock detection in SHIM To do

Spring 2011 Thesis Writing and Defense To do

After graduation A Determinizing Compiler PLDI WACI [28]

Table 5: Plan for completion of my research

Although deadlocks may be avoided, we believe this set8ngtrictly a non-distributed setting
because it forces all threads to synchronize, and theré¢fere is a considerable performance
penalty. In our SHIM setting, only threads that share a paldr channel have to synchronize on
the channel, while other threads can run independently.

Burmin and Sen [5] provide a framework for checking detersrmifor multithreaded pro-
grams. Their tool does not introduce deadlocks, but thal does not guarantee determinism
because it is merely a testing tool that checks the exectrame with previously executed traces
to see if the values match.

5.2 Programming Models

Apart from SHIM, there are a few programming models and laggs that provide explicit deter-
minism. Streamlt [23], for example is a synchronous datalfowguage that provides determinism.
It has simple static verification techniques for deadloal lamffer-overflow. However, Streamlt is
a strict subset of SHIM and Streamit’s design limits it to a#irolass of streaming applications.

Synchronous programming languages like Esterel are caempldeterministic. An Esterel
program executes in clock steps and the outputs are coratlgpsynchronous with its inputs.
It is a finite state language that is easy to verify formallyn Bsterel program is susceptible to
causalities. Causalities are similar to deadlocks, but eaeasily detected at compile-time. The
problem with synchronous models is that they do not perfoath Wo my knowledge, most Esterel
compilers generate sequential code and there are hardlganpilers that generate concurrent
code off Esterel.

5.3 Type Systems

Finally, type and effect systems like DPJ [4] have been desigor deterministic parallel pro-
gramming. These systems do not introduce deadlocks by #leess However, in general type
systems require the programmer to manually annotate tlgggomo SHIM does not require anno-
tation but provides restrictions through its constructee@ay argue for the need to learn a new
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programming paradigm or language like SHIM, but we belidat SHIM can be implemented as
a library [29].

5.4 Software Transactional Memory

Software Transactional Memory (STM) [21] is an alternatvéocks: a thread completes modifi-
cations to shared memory without regard for what other ttgeaight be doing. At the end of the
transaction, it validates and commits if the validation wascessful, otherwise it rolls back and
re-executes the transaction. STM mechanisms avoid ra¢egolot solve the non-determinism
problem.

Tools such as Grace [2] use principles similar to STM, andosepan order in which transac-
tions have to be committed. Grace solves the deterministogmobut it incurs a lot of run-time
overhead.

5.5 Deadlock Detection

Most concurrent programming languages require all passiiderieavings to be considered while
checking for deadlocks. We take advantage of SHIM’s deteism, and consider one of the many
interleavings while verifying a program for deadlocks. §'ts in great contrast to the motivation
for the SPIN model checker [14], one of whose main purposés theck different execution
interleavings for consistency. SHIM has no need for SPIN.

Run-time deadlock detection algorithms run in exponenitaétfor general graphs. SHIM’s
design of waiting on at most one channel at a time prevergsttponential run-time problem and
thus converts the cycle finding algorithm to linear time. feh@re a number of run-time distributed
deadlock detecting algorithms, the well known being thalbéndy, Misra and Haas [6]. Accord-
ing to their technique, whenever a process isag waiting on a process say i sends a probe
message tg. j sends the same message to all the processes it is waitingl@oam. If the probe
message comes backitaheni detects a deadlock. Like other algorithms, their work cotreges
on the multiple-paths problem where there exists multiplggoing edges from a single vertex.
Probe messages are duplicated at nodes that have more thantgoning edge. We can apply the
same algorithm to our setting, but since we have at most otgpimg edge per vertex, we do not
have to duplicate.
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