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ABSTRACT

This paper introducedsyperobjectsa linguistic mechanism that al-
lows different branches of a multithreaded program to maintain co-
ordinated local views of the same nonlocal variable. We have iden-
tified three kinds of hyperobjects that seem to be usefukdtc- 0

ers holders andsplitters— and we have implemented reducers pasp(RuLLIet pushoback (s

and holders in Cilk++, a set of extensions to the C++ programming 10 walk (x->right);

language that enables multicore programming in the style of MIT 13 N Y

Cilk. We analyze a randomized locking methodology for reduc-

ers and show that a work-stealing scheduler can support reducerd-igure 1: C++ code to create a list of all the nodes in a binary tree that

bool has_property(Node *);
std::1list<Node *> output_list;
VA
void walk(Node x*x)
{
if (x) {
if (has_property(x))
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without incurring significant overhead. satisfy a given property.

Categoriesand Subject Descriptors from operating in parallel, because they introduce “race condi-
tions.” We define astrandto be a sequence of executed instruc-

D.1.3 [Software]: Programming TechniquesGencurrent pro- tions containing no parallel control. determinacy racg7] (also

gramming; D.3.3 [Software]: Language Constructs and Features—  called ageneral racg18]) exists if logically parallel strands access

Concurrent programming structures. the same shared location, and at least one of the strands modifies

the value in the location. A determinacy race is often a bug, be-
cause the program may exhibit unexpected, nondeterministic be-
havior depending on how the strands are scheduled. Serial code
containing nonlocal variables is particularly prone to the introduc-
tion of determinacy races when the code is parallelized.
As an example of how a nonlocal variable can introduce a deter-
1 INTRODUCTION minacy race, consider the problem of walking a binary tree to make
a list of which nodes satisfy a given property. A C++ code to solve
Many serial programs ugs@nlocal variables— variables that are the problem is abstracted in Figure 1. If the nedkeing visited
bound outside of the scope of the function, method, or class in is nonnull, the code checks whethehas the desired property in
which they are used. If a variable is bound outside of all local line 7, and if so, it appendsto the list stored in the global variable
scopes, it is global variable Nonlocal variables have long been output_list inline 8. Then, it recursively visits the left and right
considered a problematic programming practice [22], but program- children ofx in lines 9 and 10.
mers often find them convenient to use, because they can be ac- Figure 2 illustrates a straightforward parallelization of this code
cessed at the leaves of a computation without the overhead andin Cilk++, a set of simple extensions to the C++ programming
complexity of passing them as parameters through all the internal language that enables multicore programming in the style of the
nodes. Thus, nonlocal variables have persisted in serial program-MIT Cilk multithreaded programming language [8]. The keyword
ming. cilk_spawn preceding a function invocation causes the currently
In the world of parallel computing, nonlocal variables may in- executing “parent” function to call the specified function just like a
hibit otherwise independent “strands” of a multithreaded program normal function call. Unlike a normal function call, however, the
- - . ' parent may continue executing in parallel with its spawned child,
neericnhgag? ﬁ,,ﬁllL$ﬁ§r\fv%?k's\,vi‘|§%55?)geﬁggrir? fpgﬂ”gsl{fg ﬁgﬁggeﬂe instead of waiting for the child to complete as with a normal func-
Foundation under SBIR Grants 0712243 and 0822896. tion call. A cilk_spawn keyword does not say that the parent
must continue executing in parallel with its child, only thanity.
(The Cilk++ runtime system makes these scheduling decisions in
a provably efficient fashion, leaving the programmer to specify the
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not a value, but a stateful object with a memory address (a C++

1 ©bool has_property(Node *); . g >
2 std::list<Node *> output_list; “lvalue™). A strand can access and change its view’s state indepen-
9 p
3 x/,éici'&am(wode . dently, without synchronizing with other strands. Throughout the
5 { execution of a strand, the strand’s view of the hyperobject is pri-
yp | p
6 if (=) o vate, thereby providing isolation from other strands. When two or
7 t (h (x))
8 B ontpai linte. pash. back(x); more strands join, their different views are combined according to
9 cilk_spawn walk(x->left); a system- or user-defined method, one or more of the views may
9 ‘é’ﬂi(:;;;?gh” ; be destroyed, and one or more of the views may be transferred to
12 } - ’ another strand. The identity of the hyperobject remains the same
13 3 from strand to strand, even though the strands’ respective views of
Figure2: A naive Cilk++ parallelization of the code in Figure 1. Thixde the hyperobject may differ. Thus, any query or update to the hyper-
has a determinacy race in line 8. object — whether free or bound in a linguistic construct, whether

accessed as a named variable, as a global variable, as a field in
an object, as an element of an array, as a reference, as a parame-

% boot. i‘;:;gﬁgg:riz(’gﬁ‘;;u:)iist. ter, through a pointer, etc. — may update the strand’s view. This
3 mutex L; - ’ transparency of reference, whereby a strand’s query or update to
4 /. a hyperobject always refers to the strand’s view, is not tied to any
5 void walk(Node *x) ™ . s e .
6 specific linguistic construct, but happens automatically wherever
7 if () { and whenever the hyperobject is accessed. Hyperobjects simplify
3 1fL“1‘2§L—{12§?P9“Y () A the parallelization of programs with nonlocal variables, such as the
10 output_list.push_back(x); global variableoutput_list in Figure 1. Moreover, they preserve
11 L.unlock(); the advantages of parallelism without forcing the programmer to
%g ];ilk spawn walk(x->left); restructure the logic of his or her program.
14 walk (x->right); The remainder of this paper is organized as follows. Section 2
%g N cilk_sync; describes prior work on “reduction” mechanisms. Section 3 de-
7 3 scribes reducer hyperobjects, which allow associative updates on
) e ) . nonlocal variables to be performed in parallel, and Section 4 de-
Figure 3: Cilk++ code that solves the determinacy race using a mutex. scribes how we have implemented them in Cilk++. Section 5 de-

scribes and analyzes a randomized protocol for ensuring atomicity
in the reducer implementation which incurs minimal overhead for
mutual-exclusion locking. Section 6 describes holder hyperobjects,
which can be viewed as a structured means of providing thread-
local storage. Section 7 describes splitter hyperobjects, which pro-
vide a means of parallelizing codes that perform an operation on a
nonlocal variable; call a subroutine, perhaps recursively; and then
undo the operation on the nonlocal variable. Section 8 concludes
with a discussion of more general classes of hyperobjects.

naive parallelization contains a determinacy race. Specifically, two
parallel strands may attempt to update the shared global variable
output_list in parallel at line 8.

The traditional solution to fixing this kind of determinacy race is
to associate a mutual-exclusion lock (mutexyith output_list,
as is shown in Figure 3. Before updatiogtput_list, the mutex
Lis acquired in line 9, and after the update, it is released in line 11.
Although this code now operates correctly, the mutex may create
a bottleneck in the computation. If there are many nodes that have
the desired property, the contention on the mutex can destroy allthe? BACK GROUND
parallelism. For example, on one set of test inputs for a real-world
tree-walking code that performed collision-detection of mechanical The firsttype of hyperobject we shall examine is a “reducer,” which
assemblies, lock contention actually degraded performance on 4is presented in detail in Section 3. In this section, we'll review the
processors so that it was worse than running on a single processornotion of a reduction and how concurrency platforms have sup-

In addition, the locking solution has the problem that it jumbles ported reductions prior to hyperobjects.
up the order of list elements. For this application, that might be  The idea of “reducing” a set of values dates back at least to the
okay, but some applications may depend on the order produced byprogramming language APL [12], invented by the late Kenneth
the serial execution. Iverson. In APL, one can “sum-reduce” the elements of a vector

An alternative to locking is to restructure the code to accumulate A by simply writing +/A, which adds up all the numbers in the
the output lists in each subcomputation and concatenate them whervector. APL provided a variety of reduction operators besides ad-
the computations return. If one is careful, it is also possible to keep dition, but it did not let users write their own operators. As parallel
the order of elements in the list the same as in the serial execution.computing technology developed, reductions naturally found their
For the simple tree-walking code, code restructuring may suffice, way into parallel programming languages — including *Lisp [14],
but for many larger codes, disrupting the original logic can be time- NESL [2], ZPL [5], and High Performance Fortran [13], to name
consuming and tedious undertaking, and it may require expert skill, only a few — because reduction can be easily implemented as a
making it impractical for parallelizing large legacy codes. logarithmic-height parallel tree of execution.

This paper provides a novel approach to avoiding determinacy  The growing set of modern multicore concurrency platforms all
races in code with nonlocal variables. We introduce “hyperob- feature some form of reduction mechanism:
jects,” a linguistic construct that allows many strands to coordinate
in updating a shared variable or data structure independently by
providing different but coordinated views of the object to different e Intel's Threading Building Blocks (TBB) [20] provides a
threads at the same time. Hyperobjects avoid problems endemic parallel_reduce template function.
to locking, such as lock contention, deadlock, priority inversion,
convoying, etc. We describe three kinds of hyperobjects: reducers,
holders, and splitters.

The hyperobject as seen by a given strand of an execution is  For example, the code snippet in Figure 4 illustrates the OpenMP
called the strand’s “view” of the hyperobject. A strand’s view is syntax for a sum reduction within a paraltir loop. In this code,

e OpenMP [19] provides a reduction clause.

e Microsoft’s upcoming Parallel Pattern Library (PPL) [15]
provides a “combinable object” construct.



1 int compute(const X& v); 1 int compute(const X& v);

2 int main() 2 int cilk_main ()

3 3

4 const std::size_t n = 1000000; 4 const std::size_t n = 1000000;

5 extern X myArrayl[n]; 5 extern X myArrayl[n];

6 /7 ... 6 /...

7 int result (0); 7 sum_reducer<int> result (0);

8 #pragma omp parallel for \ 8 cilk_for (std::size_t i = 0; i < n; ++i)
9 reduction (+:result) 9 result += compute(myArray[il]);
10 for (std::size_t i = 0; i < n; ++i) { 10

11 result += compute(myArray[il); 11 std::cout << "The result is: "
12 ¥ 12 << result.get_value()
13 std::cout << "The result is: " << result 13 << std::endl;

14 << std::endl; 14 return 0;

15 return 0; 15 ¥

16}

. o Figure5: A translation of the code in Figure 4 into Cilk++ with reduser
Figure4: An example of a sum reduction in OpenMP.

1 bool has_property(Node *);

. . . . . 2 1i d d Nod 1i H
the variableresult is designated as a reduction variable of aparal- 5 ;- *PPend-reducer<iiode x> output_iist
lel loop in the pragma preceding tiier loop. Without this desig- 4 void walk(Node *x)
nation, the various iterations of the parallel loop would race on the g { i () o
update ofresult. The iterations of the loop are spread across the 7 if (has_property (x))
available processors, and local copies of the variabult are g ~fﬁtp“t‘li“iﬁ?s}l;l{a;ﬂ");
created for each processor. At the end of the loop, the processors’ |, ;;lkzi?i‘;?gL’ES; e
local values ofresult are summed to produce the final value. In 11 cilk_sync;

order for the result to be the same as the serial code produces, how-12 ¥
ever, the reduction operation must be associative and commutative,
because the implementation may jumble up the order of the opera-Figure 6: A Cilk++ parallelization of the code in Figure 1 which uses a
tions as it load-balances the loop iterations across the processors. "educer hyperobject to avoid determinacy races.
TBB and PPL provide similar functionality in their own ways.
All three concurrency platforms support other reduction operations ) . ) .
besides addition, and TBB and PPL allow programmers to supply Pragma in OpenMP. As with OpenMP, the iterations of the loop
their own. Moreover, TBB does not require the reduction operation aré spread across the available processors, and local views of the

to be commutative in order to produce the same result as serial codevariableresultare created. There, however, the similarity ends, be-
would produce — associativity suffices. cause Cilk++ does not wait until the end of the loop to combine the

local views, as OpenMP does. Instead, it combines them in such a
way that the operator (addition in this case) need not be commuta-
3 REDUCERS tive to produce the same result as would a serial execution. When
the loop is over, the underlying integer value can be extracted from
The hyperobject approach to reductions differs markedly from ear- the reducer using thget_value () member function.
lier approaches, as well as those of OpenMP, TBB, and PPL. Al-  As another example, Figure 6 shows how the tree-walking code
though the general concept of reduction is similar, Cilk++ reducer from Figure 1 might be parallelized using a reducer. Line 2 de-
hyperobjepts provide a flexible and powerful mechanism that offers claresoutput_1list to be a reducer hyperobiject for list append-
the following advantages: ing. (We will define thelist_append_reducer later in this sec-
tion (Figure 9).) This parallelization takes advantage of the fact that
list appending is associative. As the Cilk++ runtime system load-
balances this computation over the available processors, it ensures
that each branch of the recursive computation has access to a pri-

as the reducer operator is associative. Commutativity is not 9lobal variable without requiring locks. When the branches syn-
required. chronize, the private views are reduced by concatenating the lists,

and Cilk++ carefully maintains the proper ordering so that the re-
¢ Reducers operate independently of any control constructs, sulting list contains the identical elements in the same order as in a
such as parallelor, and of any data structures that contribute serial execution.
their values to the final result. By using reducers, all the programmer does is identify the global
. . i . variables as reducers when they are declared. No logic needs to
This section introduces reducer hyperobjects, showing how they pe restructured, and if the programmer fails to catch all the use
can t_)e used to aIIeviat_e races on n(_)nlocal variables without SUb'instances, the compiler reports a type error. By contrast, most
stantial code restructuring. We explain how a programmer can de- concyrrency platforms have a hard time expressing race-free par-
fine custom reducers in terms of algebraic monoids, and we give anjglization of this kind of code. The reason is that reductions in

e Reducers can be used to parallelize many programs contain-
ing global (or nonlocal) variables without locking, atomic up-
dating, or the need to logically restructure the code.

operational semantics for reducers. most languages are tied to a control construct. For example, reduc-
) tion in OpenMP is tied to the parallébr loop pragma. Moreover,
Using reducers the set of reductions in OpenMP is hardwired into the language,

Figure 5 illustrates how the code in Figure 4 might be written in and list appending is not supported. Consequently, OpenMP can-
Cilk++ with reducers. Thesum_reducer<int> template, which not solve the problem of races on global variables using its mech-
we will define later in this section (Figure 8), declanessult anism. TBB and PPL_ have S|m|I_ar limitations, although they do
to be a reducer hyperobject over integers with addition as the re- allow programmer-defined reduction operators.

duction operator. Theilk_for keyword indicates that all itera-

tions of the loop can operate in parallel, similar to the parakel



1 struct sum_monoid : cilk::monoid_base<int> { 1 template<class T>
2 void reduce(int* left, int* right) const { 2 class sum_reducer
3 *left += *xright; 3 {
4 } 4 struct Monoid : cilk::monoid_base<T> {
5 void identity(int* p) comnst { 5 void reduce (T* left, Tx right) const {
6 new (p) int(0); 6 *left += *right;
7 7 }
8 }; 8 void identity(T* p) const {
9 9 new (p) T(0);
10 cilk::reducer<sum_monoid> x; 10
11 };
Figure7: A C++ representation of the monojfd, +,0), of integers (more 12
precisely,int’s) with addition. Line 10 defineg to be a reducer over ﬁ cilk::reducer<Monoid> reducerlImp;
sum_monoid. 15 public:
16 sum_reducer () : reducerImp() { }
17
H 18 explicit sum_reducer (const T &init)
Deflnlng reducers 19 : reducerImp(init) { }
. . . . - - - 20
Hyperobjgct functionality is not built into the.'C|Ik++ Ianguage 21 sum_reducers operator+=(T x) {
and compiler. Rather, hyperobjects are specified as ordinary C++ 22 reducerImp.view() += x;
classes that interface directly to the Cilk++ runtime system. A 23 return *this;

Cilk++ reducer can be defined with respect to any C++ class 2‘51 ¥

that implements an algebraic “monoid.” Recall that an algebraic 26 sum_reducer& operator-=(T x) {

monoidis a triple (T, ®, ), whereT is a set and? is an associa- o reducerlmp.view () -= x;

. . ) . . . . . return *this;

tive binary operation ovef with identity e. In Cilk++, a monoid 29

(T,®,e) is defined in terms of a C++ clasithat inherits from the gg . . o <

: B H tor++

base clasgilk: :monoid_base<T>, whereT is a type that rep- 32 S ireducerTmp view();

resents the sef. The classM must supply a member function 33 return *this;

reduce () that implements the binary operater and a member gg ¥

function identity () Fhat constructs a fresh identiy (If the 36 void operator++(int) {

identity() function is not defined, it defaults to the value pro- 37 ++reducerImp.view();

duced by the default constructor for) Figure 7 shows a simple 3§}

definition for the monoid of integers with addition. 40 sum_reducer& operator--() {
The templatecilk: :reducer<M> is used to define a reducer 41 --reducerImp.view();

A . au ) . 42 his;
over a monoid4, as is shown in line 10 of Figure 7, and it connects 43 return xrhis

the monoid to the Cilk++ runtime system. When the program ac- 44
cesses the member functianview(), the runtime system looks 3~ veid operator--(int) {
! - reducerImp.view();

up and returns the local view as a reference to the underlying type 47 }
T upon which the monoidl is defined. The template also defines 48
operator () as a synonym foview(), so that one can write the g9 T Soyzvatued conet L .
shorterz (), instead ofk.view(). 51

As a practical matter, theeduce () function need not actually 52}
be associative — as in the case of floating-point addition — but Figure 8: The definition ofsum_reducer used in Figure 5.
a reducer based on such a “monoid” may operate nondetermin-
istically. Similarly, identity() need not be a true identity. |If
reduce() is associative anddentity () is a true identity, how- Cilk++ provides a library of frequently used reducers, which in-
ever, the behavior of such a “properly defined” reducer is guar- cludes a summing reducer (calledducer_opadd), list append
anteed to be the same no matter how the computation is scheduledreducers, and so on. Programmers can also write their own reduc-
Properly defined reducers greatly simplify debugging, because theyers in the style shown in Figure 8.
behave deterministically.
_ Although a defipitior] su_ch as that in Figure 7 suffices fo_r obtain- Semantics of reducers
ing reducer functionality, it suffers from two problems. First, the ] .
syntax for accessing reducers provided by Figure 7 is rather cIumsy.The semantlcs_of redu_cers can be un_derstood Qperatlonally as fol-
For example, in order to increment the redugdrom Figure 7, a lows. At any time during the execution of a Cilk++ program, a
programmer needs to write. view()++ (or x()++), rather than view of_ the red_ucer is an object t_hat is uniquely o_wned by one
the simplerc++, as is probably written in the programmer’s legacy strand in the Cilk++ program. I is a reducer andslls a strand,
C++ code. Second, access to the reducer is unconstrained. For exe denote byhs the view ofh owned byS. When first created,
ample, even though the reducer in Figure 7 is supposed to reducdhe reducer consists of a single view .own.ed by the strand that cre-
over addition, nothing prevents a programmer from accidentally ates the hyperobject. When a Cilk directive suctc &bk _spawn

writing x.view() *= 2, because.view() is an ordinary refer- andcilk_sync is executed, however, ownership of views may be
ence toint, and the programmer is free to do anything with the transferr(_ad and additional views may be created or destroy(_ed.
value he or she pleases. In particular, acilk_spawn Statement creates two new Cilk++

To remedy these deficiencies, it is good programming practice Strands: the child strand that is spawned, and the parent strand that

to “wrap” reducers into abstract data types. For example, one can continues .after theilk_spawn Statement. Upon ailk_spawn
write a library wrapper, such as is shown in Figure 8, which allows Statement:

the code in Figure 5 to use the simple syntaxult += X. More- e The child strand owns the view owned by the parent function
over, it forbids users of the library from writingesult *= X, before thecilk_spawn. S
which would be inconsistent with a summing reducer. Similarly, e The parent strand owns a new view, initializeceto

Figure 9 shows how the monoid of lists with operation append After a spawned child returns, the view owned by the child is “re-
might be similarly wrapped. duced” with the view owned by the parent. feducethe viewxc



template<class T>
class list_append_reducer
{
struct Monoid
: cilk::monoid_base<std::1ist<T> >

void identity(std::1list<T>* p) const {
new (p) std::1list<T>;

=
COVWO~NOUTMWNRE

void reduce(std::1list<T>* a,
std::1ist<T>* b) const {
a->splice(a->end (), *b);

s
cilk::reducer<Monoid> reducerImp;

public:

list_append_reducer () : reducerImp() { }

void push_back(const T& element) {
reducerImp () .push_back(element);

const std::1ist<T>& get_value() const {
return reducerImp();

};

Figure 9: The definition oflist_append_reducer used in Figure 6.

of a completed child strand with the viewxp of a parent strané&
means the following:

e Xc « Xc ®Xp, where the symbol<" denotes the assignment
operator and? is the binary operator implemented by the ap-
propriatereduce () function. As a “special” optimization, if
a viewx is combined with the identity view, Cilk++ assumes
that the resulting view can be producedkagithout applying
areduce () function.

e Destroy the viewkp.

e The parent stranB becomes the new owner &é.

Why do we choose a spawned child to own the view owned by
the parent function before thd 1k _spawn, rather than passing the
view to the continuation and creating a new view for the child? The
reason is that in a serial execution, the “special” optimization above
allows the entire program to be executed with a single view with no
overhead for reducing.

The Cilk++ runtime system guarantees that all children views

« PRl
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spawn deque

Figure 10: Runtime system data structures as seen by a single worker.
Each worker owns a spawn deque, each element of which is ataek s
implemented as a linked list of frames, ordered left to rightiguFe 10 as
youngest to oldest. The deque itself is implemented as an af @yinters,
where array positioiX contains a valid pointer fad <X < T.

4 IMPLEMENTATION OF REDUCERS

This section describes how we have implemented reducers in
Cilk++. We begin with a brief overview of the Cilk++ runtime
system, which mimics aspects of the MIT Cilk runtime system [8].
Then, we describe the changes necessary to implement reducers.
Finally, we discuss some optimizations.

The Cilk++ runtime system implements a work-stealing sched-
uler in the style of [3]. A set ofvorker threads (such as a Pthread
[11] or Windows API thread [10]) cooperate in the execution of a
Cilk++ program. As long as a worker has work to do, it operates
independently of other workers. When idle, a worker obtains work
by stealing it from another worker. Recall from Section 1 that the
cilk_spawn keyword indicates the potential for concurrent execu-
tion rather than mandating it. This potential parallelism is realized
only if stealing actually occurs.

Runtime data structures

Frames. Calling or spawning a Cilk++ procedure creates a new
procedure instance, which results in the runtime creation @fcan
tivation record or frame. As in C++ and many other languages,

are reduced with the parent by the time the parent passes thethe frame provides storage for the local variables of the procedure

cilk_sync construct that waits for those children, and that all

instance, storage for temporary values, linkage information for re-

reductions are performed in some order consistent with the serialturning values to the caller, etc. In addition, Cilk++ frames main-

execution of the program. The Cilk++ runtime system does not
delay all reductions until @11k_sync, however, because such a

delay may require an unbounded amount of memory to store all
unreduced views. Instead, we allow the views of completed chil-

dren to be reduced with each other at any time before passing the

cilk_sync, provided that the serial left-to-right order is preserved.
At an ordinary function call, the child inherits the view owned by
the parent, the parent owns nothing while the child is running, and
the parent reacquires ownership of the view when the child returns.
The fact that the parent owns no view while the child is running

does not cause an error, because the parent performing a function

call does not resume execution until the child returns.
No special handling of reducers is necessary doik_for

tain the following state needed for a parallel execution:

e alock;

e acontinuation, which contains enough information to resume
the frame after a suspension point;

e ajoin counter, which counts how many child frames are out-
standing;

e a pointer to the parent frame;

e a doubly-linked list of outstanding children — specifically,
each frame keeps pointers to its first child, its left sibling, and
its right sibling.

Although frames are created and destroyed dynamically during

the execution of the program, they always form a rooted tree (or

loops, because the Cilk++ compiler translates the loop into divide- What is sometimes called a "cactus stack” reminiscent of [17]). We

and-conquer recursion usirgdlk_spawn andcilk_sync So that

say that a node in the cactus stacklider than its descendants and

each iteration of the loop body conceptually becomes a leaf of a Youngerthan its ancestors.

logarithmic-depth tree of execution. Thus, the runtime system only
needs to manage reducersalk_spawn's andcilk_sync’s.

Data structures of a worker. Figure 10 illustrates the runtime
system data structures from the point of view of a worker. The
primary scheduling mechanism isspawn dequé of call stacks

where each call stack is implemented as a (singly) linked list of

1A deque [6, p. 236] is a double-ended queue.



frames, each frame pointing to its parent. Each worker owns a
spawn deque. The spawn deque is an “output-restricted” deque, in
that a worker can insert and remove call stacks ortdileend of
its deque (indexed by¥), but other workers (“thieves”) can only
remove from théneadend (indexed byH). In addition to the call
stacks stored within the spawn deque, each worker maintains a
rent call stack— a call stack under construction that has not been
pushed onto the deque — as well as other ancillary structures such
as locks and free lists for memory allocation. Although we store the
current call stack separately, it is sometimes convenient to view it
as part of arextended dequevhere we treat the current call stack
abstractly as an extra element of the deque at iffidex

Stack frames and full frames. At any point in time during the
execution, frames stalled attalk_sync lie outside any extended
deque, but those that belong to an extended deque admit a sim-
plified storage scheme. The youngest frame of an extended deque
has no children, unless it is also the oldest frame in the extended
deque. All other frames in the extended deque have exactly one . ) )
child. Thus, there is no need to store the join counter and the list Figure 11: A global view of the Cilk++ runtime system data structures.
of children for frames in an extended deque, except for the old- Rectangles represent frames, with the dark rectanglesidgriatl frames.

. o . FramesA andC belong to no deque, and consequently they are full. In
est frame. Thus, Cilk++ partitions frames into two classsack particular,C stores an explicit pointer to its full-frame pareft FramesB

frames which only store a continuation and a parent pointer (but zndp are full because they are the oldest frames in their resgettigues.
not a lock, join counter, or list of children), arfidl frames, which Their children are stored implicitly in the deque, but theserfes maintain
store the full parallel state. an explicit pointer to their respective full-frame pareAtandC.

This partitioning improves the overall efficiency of the sys-
tem [8]. Roughly speaking, stack-frame manipulation is cheap and
is inlined by the Cilk++ compiler, whereas full-frame manipulation Function call. To call a procedure instand&from a procedure
is more expensive, usually involving the acquisition of a lock. Fig- instanceA, a worker sets the continuation Als frame so that the
ure 11 shows a typical instance of the runtime-system data struc-execution ofA resumes immediately after the call whBmeturns.
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tures, illustrating deques, stack frames, and full frames.

Invariants

In order to understand the operation of the Cilk++ runtime system,
it is helpful to bear in mind the following invariants, which we state
without proof.
1. The oldest frame in an extended deque, if any, is a full frame.
All other frames are stack frames.
2. Aframe not belonging to any extended deque is a full frame.
3.
lently, all ancestors of a full frame are full frames.
. In each extended deque, the youngest frame on aileadl-
stack is the parent of the frame on the lev&ld call stack.

by a spawn, or a full frame. That is, the oldest frame was not
created by a function call.)
. Every frame in a call stack, except for the oldest (Invariant 6),
was created by a function call, that is, not by a spawn.
. When a stack frame is stolen, it is promoted to a full frame.
Thus, a stack frame has never been stolen.
. A frame being executed by a worker is the youngest frame in
the worker’s extended deque.
10.
dren, and thus the execution okalk_sync Sstatement is a
no-op. (This invariant is false for full frames.)

Actions of the runtime system

A Cilk++ program executes most of the time as a C++ program. Its
execution differs from C++ at distinguished points of the program:
when calling and spawning functions, when synching, and when
returning from a function. We now describe the action of the run-

time system at these points. The actions we describe are intended

to execute as if they were atomic, which is enforced using locks
stored in full frames, as described in Section 5.

. A stack frame belongs to one (and only one) extended deque.
. The oldest frame in a call stack is either a stack frame created call stack. The worker’s extended deque is now empty (Invari-

While a worker executes a stack frame, the frame has no chil-

The worker then allocates a stack frame Bband pushe® onto
the current call stack as a child &fs frame. The worker then
executes.

Spawn. To spawn a procedure instanBdrom a procedure in-
stanceA, a worker sets the continuation &is frame so that the
execution ofA resumes immediately after the1k_spawn State-
ment. The worker then allocates a stack frameBppushes the
current call stack onto the tail of its deque, and starts a fresh cur-
rent call stack containing onB. The worker then execut&

Return from a call. If the frameA executing the return is a

All descendants of a stack frame are stack frames. Equiva- stack frame, the worker pops from the current call stack. The

current call stack is now nonempty (Invariant 6), and its youngest
frame isA’a parent. The worker resumes the execution from the
continuation ofA’s parent.

Otherwise, the worker popa (a full frame) from the current

ant 1). The worker executes an unconditional-steal of the parent
frame (which is full by Invariant 3).

Return from a spawn. If the frameA executing the return is a
stack frame, the worker pogsfrom the current call stack, which
empties it (Invariant 7). The worker tries to pop a call st&tkom
the tail of its deque. If the pop operation succeeds (the deque was
nonempty), the execution continues from the continuatiod'sf
parent (the youngest element®f usingS as the new current call
stack. Otherwise, the worker begins random work stealing.

If Ais a full frame, the worker pop& from the current call stack,
which empties the worker's extended deque (Invariant 1). The
worker executes a provably-good-steal of the parent frame (which
is full by Invariant 3).

Sync. If the frameA executing a&ilk_sync is a stack frame, do
nothing. (Invariant 10).

Otherwise,A is a full frame with a join counter. PoA from
the current call stack (which empties the extended deque by Invari-
ant 1), incremen&'’s join counter, and provably-good-stefa?

2The counter-intuitive increment of the join counter arisesause we
consider a sync equivalent to a spawn of a fake child in wHiehparent
is immediately stolen and the child immediately returns. Theeiment



Randomly steal work. When a workemw becomes idle, it be-
comes ahief and steals work from gictim worker chosen at ran-
dom, as follows:

e Pick a random victinv, wherev ## w. Repeat this step while
the deque ot is empty.

Remove the oldest call stack from the deque, @ind promote

all stack frames to full frames. For every promoted frame,
increment the join counter of the parent frame (full by Invari-
ant 3). Make every newly created child the rightmost child of
its parent.

Let loot be the youngest frame that was stolen. Promote the
oldest frame now inv/'s extended deque to a full frame and
make it the rightmost child ofoot. Incrementloot’s join
counter.

e Execute a resume-full-frame action kwot.

Provably good steal. Assert that the fram@ begin stolen is a
full frame and the extended deque is empty. Decrement the join
counter ofA. If the join counter is 0 and no worker is working
on A, execute a resume-full-frame action An Otherwise, begin
random work stealing.

Unconditionally steal. Assert that the framé@ being stolen is
a full frame, the extended deque is empty, @&wljoin counter is
positive. Decrement the join counter Af Execute a resume-full-
frame action orA.

Resume full frame. Assert that the framé being resumed is
a full frame and the extended deque is empty. Set the current call
stack to a fresh stack consistingAbnly. Execute the continuation
of A.

Modifications for reducers

The Cilk++ implementation of reducers uses the address of the re-
ducer object as a key into laypermaphash table, which maps
reducers into local views for the worker performing the look-up.
Hypermaps are lazy: elements are not stored in a hypermap until
accessed for the first time, in which case the Cilk++ runtime system
inserts an identity value of the appropriate type into the hypermap.
Laziness allows us to create ampty hypermayd, defined as a hy-
permap that maps all reducers into views containing identities, in
O(1) time.

For left hypermap and right hypermaf, we define the opera-
tion REDUCE(L,R) as follows. For all reducers, set

L(x) —L(x)@R(x),

whereL(x) denotes the view resulting from the look-up of the ad-
dress ofx in hypermapL, and similarly forR(x). The left/right
distinction is important, because the operatiomight not be com-
mutative. If the operatiom is associative, the result of the compu-
tation is the same as if the program executed serialgpBCE is
destructive: it updatel and destroy®, freeing all memory asso-
ciated withR.

The Cilk++ implementation maintains hypermaps in full frames
only. To access a reducerwhile executing in a stack frame, the
worker looks up the address #fin the hypermap of the least an-
cestor full frame, that is, the full frame at the head of the deque to
which the stack frame belongs.

To allow for lock-free access to the hypermap of a full frame
while siblings and children of the frame are terminating, each
full frame stores three hypermaps, denotedusgR, RIGHT, and
CHILDREN. TheuseRhypermap is the only one used for look-up
of reducers in the user’s program. The other two hypermaps are

accounts for the fake child. This equivalence holds becautiee Cilk++
scheduler, the last spawn returning to a parent continuesxacution of
the parent.

SThis steal is “provably good,” because it guarantees theespad time
properties of the scheduler [3].

used for bookkeeping purposes. The three hypermaps per nede ar
reminiscent of the three copies of values used in the Euler tour tech-
nique [21]. Informally, thecHILDREN hypermap contains the ac-
cumulated results of completed children frames, but to avoid races
with user code that might be running concurrently, these views have
not yet been reduced into the paremtsERhypermap. Th®IGHT
hypermap contains the accumulated values of the current frame’s
right siblings that have already terminated. (A “right” sibling of a
frame is one that comes after the frame in the serial order of exe-
cution, and its values are therefore on the right-hand side obthe
operator.)

When the top-level full frame is initially created, all three hy-
permaps are initially empty. The hypermaps are updated in the
following situations:

e upon a look-up failure,
upon a steal,
upon a return from a call,
upon a return from a spawn,
at acilk_sync.

We discuss each of these cases in turn.

L ook-up failure. A look-up failure inserts a view containing an
identity element for the reducer into the hypermap. The look-up
operation returns the newly inserted identity.

Random work stealing. A random steal operation steals a full
frameP and replaces it with a new full fram@ in the victim. At
the end of the stealing protocol, update the hypermaps as follows:

e USER: <+ USERp;

e USERp < 0

e CHILDRENp « 0;

e RIGHTp « 0.

In addition, if the a random steal operation creates new full frames,
set all their hypermaps . These updates are consistent with the
intended semantics of reducers, in which the child owns the view
and the parent owns a new identity view.

Return from acall. LetC be a child frame of the parent frarfe
that originally calledC, and suppose th&treturns. We distinguish
two cases: the “fast path” whedis a stack frame, and the “slow
path” whenC is a full frame.

e If Cis a stack frame, do nothing, because H®#NdC share
the view stored in the map at the head of the deque to which
bothP andC belong.

e Otherwise,C is a full frame. We updat®@SER> < USER:,
which transfers ownership of child views to the parent. The
other two hypermaps & are guaranteed to be empty and do
not participate in the update.

Return from a spawn. Let C be a child frame of the parent
frame P that originally spawned, and suppose thak returns.
Again we distinguish the “fast path” whehis a stack frame from
the “slow path” wherC is a full frame:

e If Cis a stack frame, do nothing, which correctly implements
the intended semantics of reducers, as can be seen as follows.
BecauseC is a stack frameP has not been stolen sin€2
was spawned. Thu®'s view of every reducer still contains
the identitye created by the spawn. The reducer semantics
allows forC's views to be reduced intB’s at this point, and
since we are reducing all views with an identiythe reduc-
tion operation is trivial: all we have to do is to transfer the
ownership of the views fror® to P. Since bothP’s andC'’s
views are stored in the map at the head of the deque to which
both P andC belong, such a transfer requires no action.
Otherwise, C is a full frame. We updateUSER: «—
REDUCE(USER:, RIGHTc), which is to say that we reduce
the views of all completed right-sibling frames ©Gfinto the



views ofC. Then, depending on wheth€rhas a left sibling

——C++
or not', we have two subcases: o BN #—lock
o © —_—— — manual I
1. If C has a left siblingL, we updateRIGHT_ — s 20 s reducer
REDUCE(RIGHTL,USER:), accumulating into the o
RIGHT hypermap ot.. b
2. Otherwise,C is the leftmost child ofP, and we E 7777777777777777777777777777777777777777
updateCHILDRENp < REDUCE(CHILDRENp, USER:),
thereby storing the accumulated valuesG¥ views 0 ' ' ' : : :
into the parent, since there is no left sibling into which 1 2 3 4 5 6 7 8
to reduce. Number of Processors

Figure 12: Benchmark results for a code that detects collisions in mechan

Observe that a race condition exists betweerreading ical assemblies.

RIGHTc, and the right sibling ofS (if any), who might be
trying to write RIGHTc at the same time. Resolving this race

condition efficiently is a matter of some delicacy, which we  giatic storage class. When the reducer has the static C++ stor-
discuss in detail in Section 5. age class, the associative look-up can be avoided entirely. Since
Sync. A cilk_sync statement waits until all children have com-  the address of the reducer is known at link-time, we can allocate
pleted. When fram® executes @ilk_sync, one of following two a static global array of sizB, whereP is the maximum number
cases applies: of workers, to store views of the reducer. The views are as in the
e If Pis a stack frame, do nothing. Doing nothing is correct dynamic-caching optimization, but when a worker looks up a view,
because all children @3, if any exist, were stack frames, and it simply indexes the array with its unique worker ID. An alterna-

thus they transferred ownership of their viewstavhen they tive is to allocate the views of a reducer at a common fixed location
completed. Thus, no outstanding child views exist that must in worker-local storage. We have not yet implemented either of
be reduced int®’s. these optimizations.

e If Pis a full frame, then afteP passes theilk_sync state- Loop variables. When a loop contains several reducers allo-

ment but before executing any client code, we perform the up- cated at the same level of nesting outside the loop, the compiler
dateUSER> «+ REDUCE(CHILDRENp, USERp). This update can aggregate the reducers into a single data structure, and only
reduces all reducers of completed children into the parent.  one associative look-up need be done for the entire data structure,
rather than one for each reducer. This scheme works, because the

Optimizations knowledge of how the compiler packs the reducers into the fields of

the data structure outside the loop is visible to the compiler when

To access a reducey the worker performs the associative 100k-up 5 cessing reducer accesses inside the loop. The Cilk++ compiler
described above. The overhead of this operation is comparable toy,ag not currently implement this optimization.

that of a few function calls, and thus it is desirable to optimize it.
The following paragraphs describe some optimizations.

Common subexpression elimination. The semantics of reduc- Performance
ers ensures that two references to a reduceeturn the same Figure 12 compares the reducer strategy with locking and with
view as long as the intervening program code does not contain manually rewriting the code to pass the nonlocal variable as a pa-
a cilk_spawn Or cilk_sync Statement or cross iterations of a rameter. The benchmark is a collision-detection calculation for me-
cilk_for loop. The intervening program code may call a func- chanical assemblies, such as motivated the example in Figure 1,
tion that spawns, however, because the operational semantics of realthough nodes in the tree may have arbitrary degree. As can be
ducers guarantee that the view before the function call is the sameseen from the Figure 12, all three methods incur some overhead on
as the view after the function call. In these situations, the Cilk++ 1 processor. The locking solution bottoms out due to contention,
compiler emits code to perform the associative look-up only once which gets worse as the number of processors increases. The re-
per fragment, reducing the overhead of accessing a reducer to aducer solution achieves almost exactly the same performance as
single indirect reference. This optimization is a type of common- the manual method, but without drastic code rewriting.
subexpression elimination [1, p. 633] routinely employed by com-
pilers. It is especially effective at minimizing the reducer overhead

in cilk_for loops. 5 ANALYSISOF WORK-STEALING
Dynamic caching of look-ups. The result of an associative WITH REDUCERS
look-up can be cached in the reducer object itself. In this opti-
mization, each reducer object provides an aayf P pointers to When a spawned child completes and is a full frame, we provably-

views, whereP is the maximum number of workers in the system. good-steal its parent and reduce the view of the child into the view
All such pointers are initially null. When accessing a reducer of either its parent or its left sibling. To do so atomically, the
worker w first reads the pointex.Ajw]. If the pointer is not null, ~ runtime system must acquire locks on two frames. In this sec-
then the worker can use the pointer to access the view. Otherwise tion, we describe the locking methodology in detail and show that
the worker looks up the address:ofn the appropriate hypermap  the Cilk++ work-stealing scheduler incurs no unusual overhead for
and caches the result of the look-up inté\\w]. When the hyper- ~ waiting on locks.

map of a worker changes, for example, because the worker steals a Recall from Section 4 that when full franfé returns from a
different frame, the pointers cached by that worker are invalidated. spawn, the Cilk++ runtime system accumulates the reducer map
This optimization, which we have not yet implemented, can reduce of F into another nodé&. p, which is either the left sibling of in

the cost of a look-up to the cost of checking whether a pointer is the spawn tree, or the parentffin the spawn tree if no such sib-
null. ling exist®. The relationF.p can be viewed as defining a binary

4Reg:all that a full frame stores pointers to its left and righlisgs, and 5F.p is undefined ifF is the root of the spawn tree, which is never re-
so this information is available i®(1) time. duced into any other node.



tree in whichF.p is the parent of, and in fact such ateal tree

is just the left-child, right-sibling representation [6, p. 246] of the
spawn tree. After accumulating the reducer§ ato F.p, the run-
time systemeliminatesF by splicing it out of the steal tree, in a
process similar to tree contraction [16].

child. In this case, the time to complete all eliminations could be
proportional to the height of the steal tree.

Our strategy to avoid these long delay chains is to acquire the
two abstract locks in random order: with probability2] a node
F abstractly locks the edge to its parent followed by the edge to

WhenF completes, it has no children in the spawn tree, and thus its child, and with probability 12 the other way around. This on-
it has at most one child in the steal tree (its right sibling in the spawn line randomization strategy is reminiscent of the offline strategy
tree). Thus, the situation never occurs that a node is eliminated thatanalyzed in [9] for locking in static graphs. We now prove that a

has two children in the steal tree.

system that implements this policy does not spend too much time

Every successful steal causes one elimination, which occurs waiting for locks.

when nodeF completes and its reducers are combined with those

of F.p. To perform the elimination atomically, the runtime sys-

Lemma 1. If abstract locks are acquired in random order by the P

tem engages in a locking protocol. The steal tree is doubly linked, processors and the reduce () function takes ©(1) time to compute,

with each nodd~ containingF.p, F.Ichild, andF.rsib. In addi-
tion, these fields each have associated IgtkdchildL, andrsibL,

then the expected time spent in elimination operationsis O(M) and
with probability at least 1 — ¢, at most O(M +IgP +1g(1/¢)) time

respectively. The protocol maintains the invariant that to change ei- is spent in elimination operations, where M is the number of suc-
ther of the cross-linked pointers between two adjacent nodes in thecessful steals during the computation.

tree, both locks must be held. Thus, to eliminate a nedehich

is a right sibling of its parent and having one child — without loss
of generalityF.Ichild — the locksF. pL, F.p.rsibL, F.IchildL, and
F.rsib.pL must all be held, after which thié can be spliced out
by settingF.p.rsib = F.Ichild and F.Ichild.p = F.p. Before the
elimination,F’s hypermap is reduced infa p’s.

Proof. Assuming that the-educe () function takesd(1) time to
compute, the two abstract locks are held®gd) time. Since only

two nodes can compete for any given lock simultaneously, and as-
suming linear waiting on locks [4], the total amount of time nodes
spend waiting for nodes holding two abstract locks is at most pro-

The four locks correspond to two pairs of acquisitions, each of portional to the numbel of successful steals. Thus, we only need
which abstractly locksa single edge between two nodes in the steal to analyze the time waiting for nodes that are holding only one ab-
tree. That is, to abstractly lock an edge, the two locks at either stract lock and that are waiting for their second abstract lock.

end of the edge must be acquired. To avoid deadlock, the locking ~Consider the eliminations performed by a given worker, and as-
protocol operates as follows. sume that the worker performedsteals, and henaa eliminations

To abstractly lock the edgd, F.p), do the following: and 2n abstract lock acquisitions. Let us examine the steal tree
1. ACQUIRE(F.pL). at the time of thdth abstract lock acquisition by the Worker_on
2. If F is a right sibling ofF.p, then ACQUIRE(F.p.rsibL), else ~ NOJeF. Every other nod& in the tree that has not yet been elim-
AcQUIRE(F.p. IchildL). inated creates an arrow within the node , oriented in the direction
To abstractly lock the edg@, F. rsib), do the following: from the_ first edge it abstractly locks to the second. These edges
1. ACQUIRE(F.rsibL) T ’ ) create directed paths in the tree. The delay for the workirisck

) ) acquisition can be at most the length of such a directed path starting
2. If ﬁtTR\tf'A(::LQU'RE(F rsib.plL), then RELEASE(F.rsibL) and at the edge the worker is abstractly locking. Since the orientation
go to step 1.

of lock acquisition along this path is fixed, and each pair of acqui-
The TRY-ACQUIRE function attempts to grab a lock and reports

sitions is correctly oriented with probability/2, the waiting time
whether it is successful without blocking if the lock is already held for F acquiring one of its locks can be bounded by a geometric
by another worker. To abstractly lock the edd@eF.Ichild), the distribution:
code follows that of F, F.rsib).

This protocol avoids deadlock, because a worker never holds a
lock in the steal tree while waiting for a lock residing lower in the
tree. Moreover, if two workers contend for an abstract lock on the ~ We shall compute a bound on the total tichéor all 2m abstract
same edge, one of the two is guaranteed to obtain the lock in con-lock acquisitions by the given worker. Notice that the time for the
stant time. Finally, the protocol is correct, circumventing the prob- ith abstract lock acquisition by the worker is independent of the

Pr{the worker waits for> k eliminationg < k-1

lem that might occur if abstractly locking@, F.rsib) were imple-
mented by AQUIRE(F.rsib.pL) followed by ACQUIRE(F.rsibL),
where the nodé&.rsib could be spliced out and deallocated by an-
other worker afteF’s worker follows the pointer but before it can

time for thejth abstract lock acquisition by the same workerifar

j, because the worker cannot wait twice for the same elimination.
Thus, the probability that then2acquisitions take time longer than

A eliminations is at most

acquire thepL lock in the node.

The remainder of the protocol focuses on abstractly locking the < A > b < (%) am -4
two edges incident o so thatF can be spliced out. Perhaps 2m - 2m
surprisingly, the two abstract locks can be acquired in an arbitrary ,
order without causing deadlock. To see why, imagine each node < €/P

F as containing an arrow oriented from the edge in the steal tree
thatF’s worker abstractly locks first to the edge it abstractly locks
second. Because these arrows lie within the steal tree, they canno
form a cycle and therefore deadlock cannot occur. Nevertheless,
while an arbitrary locking policy does not deadlock, some policies X .
may lead to a long chain of nodes waiting on each other's abstract * ~ € (I€tting &’ = &/P), whereM is the total number of successful
locks. For example, if we always abstractly lock the edge to the steals during the computation. O
parent first, it could happen that all the nodes in a long chain up the ~ This analysis allows us to prove the following theorem.

tree all need to be eliminated at the same time, and they all grab . . . .

the abstract locks on the edges to their parents, thereby creating o heorem 2. Consider the execution of any Cilk++ computation

chain of nodes, each waiting for the abstract lock on the edge to its With Work Ty and span Te, on a parallel computer with P pro-
cessors, and assume that the computation uses a reducer whose

by choosingA = c¢(m+Ig(1/¢’)) for a sufficiently large constant
> 1. The expectation bound follows directly.
Since there are at moBtworkers, the time for all the abstract
lock acquisitions i€D(M +IgP +1g(1/¢)) with probability at least



1 holder<T> global_variable;

2 // originally: T global_variable
3

4  void procli() {

5 cilk_for (i = 0; i < N; ++i) { //was: for
6 global_variable = f(i);

7 proc2();

8 }

9 }

10

11  wvoid proc2() { proc3(); }

12 void proc3() { proca(); }

13

14  void procda () {

15 use (global_variable);

16

Figure 13: Anillustration of the use of a holder. Although Cilk++ doestn
yet support this syntax for holders, programmers can accedsrtictional-
ity, since holders are a special case of reducers.

reduce () function takes ©(1) time to compute. Then, the ex-
pected running time, including time for locking to perform reduc-
tions, is Ty /P + O(Tw). Moreover, for any € > 0, with probabil-
ity at least 1 — €, the execution time on P processors is at most
Tp <T1/P+0O(Tw +IgP+1g(1/g)).

Proof. The proof closely follows the accounting argument in [3],
except with an additional bucket to handle the situation where a
worker (processor) is waiting to acquire an abstract lock. Each
bucket corresponds to a type of task that a worker can be doing
during a step of the algorithm. For each time step, each worker
places one dollar in exactly one bucket. If the execution takes
time Tp, then at the end the total number of dollars in all of the
buckets isPTp. Thus, if we sum up all the dollars in all the buck-
ets and divide byP, we obtain the running time. In this case, by
Lemma 1, the waiting-for-lock bucket has size proportional to the
number of successful steals, whichH$, and thus contributes at
most a constant factor additional to the “Big Oh” in the expected
running time boundr /P + O(Tw) proved in [3]. Moreover, with
probability at least + ¢, the waiting-for-lock bucket has at most
O(M+IgP+Ig(1/¢)) dollars, again contributing at most a constant
factor to the “Big Oh” in the boundy /P + O(Te +IgP+1g(1/€))
proved in [3]. [

6 HOLDERS

A holderis a hyperobject that generalizes the notion of thread-local
storage. In the code fragment shown in Figure 13, the global vari-
able is used as a mechanism to pass values fios1 to proc4
without passing spurious parameterspitoc2 and proc3. The
original for loop in line 5 has been replaced by #lk_for loop,
which appears to create races gibbal_variable. Races are
avoided, however, becaug@obal_variable is declared to be

a holder in line 1. This technique avoids the need to restructure
proc2 andproc3 to be aware of the values passed frpavci to
proc4.

1 template<class T>

2 struct void_monoid : cilk::monoid_base<T>
3

4 typedef T value_type;

5 void reduce (T* left, Tx right) const { }
6 void identity(T* p) const { new (p) T(O; }
7}

8

9 template <class T>

10 class holder

11 : public cilk::reducer<void_monoid<T> >
12 {

13 public:

14 operator T&() { return this->view(); }
15 ;

Figure 14: The definition ofholder in terms of reducers.

1 int depth(0);

2 int max_depth(0);

3 /x ... %/

4  void walk(Node *x)

5 {

6 switch (x->kind) {

7 case Node::LEAF:

8 max_depth = max(max_depth, depth);
9 break;

10 case Node::INTERNAL:
11 ++depth;

12 walk(x->left);

13 walk (x->right);

14 --depth;

15 break;

16 }

17 3

Figure 15: A C++ program that determines the maximum depth of a node
in a binary tree using global variables.

depthmax_depth of any leaf in the tree. The code maintains a
global variabledepth indicating the depth of the current node. It
incrementslepth in line 11 before recursively visiting the children

of a node and decremendepth in line 14 after visiting the chil-
dren. Whenever the depth of a leaf exceeds the maximum depth
seen so far, stored in another global variabée_depth, line 8
updates the maximum depth. Although this code makes use of a
global variable to store the depth, the code could be rewritten to
pass the incremented depth as an argument.

Unfortunately, rewriting a large application that uses global vari-
ables in this way can be tedious and error prone, and the opera-
tions can be more complex than simple increments/decrements of
a global variable. In general, the kind of usage pattern involves an
operation paired with its inverse operation. The paired operations
might be a push/pop on a stack or a modification/restoration of a
complex data structure. To implement a backtracking search, for
example, one can keep a global data structure for the state of the
search. Each step of the search involves modifying the data struc-
ture, and when the search backtracks, the modification is undone.

Parallelizing the code in Figure 15 at first may seem straightfor-
ward. We can spawn each of the recurste@k () routines in lines
12-13. Themax_depth variable can be made into a reducer with
the maximum operator. Théepth variable is problematic, how-

The implementation of holders turns out to be straightforward, ever. If nothing is done, then a determinacy race occurs, because
because a holder is a special case of a reducer whose (associativehe two spawned subcomputations both incremiptth in par-

binary operator® always returns the left input element. Figure 14
shows how a holder can be defined in terms of a reducer.

7 SPLITTERS

Another type of hyperobject that appears to be useful for paralleliz-
ing legacy applications is a “splitte?"Consider the example code
in Figure 15 which walks a binary tree and computes the maximum

6We have not yet implemented splitters in Cilk++.

allel. Moreover, as these subcomputations themselves recursively
spawn, many more races occur. What we would like is for each of
the two spawned computations to treat the global variaéteh as

if it were a local variable, so that it has the same value in a parallel
execution as it does in a serial execution.

A splitter hyperobject provides this functionality, allowing each
subcomputation to modify its own view @epth without inter-
ference. Figure 16 shows how the code from Figure 15 can be
parallelized by declaring the global variaklepth to be a splitter.

Let us be precise about the semantics of splitters. Recall that a



1 splitter<int> depth;

2 reducer_max<int> max_depth;

3 /x ... %/

4  void walk_s(Node *x)

5

6 switch (x->kind) {

7 case Node::LEAF:

8 max_depth = max(max_depth, depth);
9 break;

10 case Node::INTERNAL:

11 ++depth;

12 cilk_spawn walk_s(x->left);
13 walk_s (x->right);

14 sync;

15 --depth;

16 break;

17 }

18 }

Figure 16: A Cilk++ program that determines the maximum depth of a
node in a binary tree using a reducer and a splitter.

cilk_spawn Statement creates two new Cilk++ strands: the child

strand that is spawned, and the continuation strand that continues

in the parent after theilk_spawn. Upon acilk_spawn:

e The child strand owns the vie@ owned by the parent proce-
dure before theilk_spawn.

e The continuation strand owns a new vied, initialized
nondeterministically to either the value & before the
cilk_spawn or the value ofC after the child returns from
thecilk_spawn.

Notice that in Figure 15, the value of tdepth is the same before
and after each call tealk () in lines 12-13. Thus, for the corre-
sponding parallel code in Figure 15(b), the nondeterministic sec-
ond condition above is actually deterministic, because the values
of depth before and after ailk_spawn are identical. Commonly,

a splitter obeys theplitter consistency conditionwhen executed
serially, the splitter value exhibits no net change from immediately
before acilk_spawn to immediately after theilk_spawn. That

is, if the spawned subcomputation changes the value of the splitter
during its execution, it must restore the value one way or another
before it returns.

Implementation of splitters

We now describe how to implement splitter hyperobjects. The main
idea is to keep dypertreeof hypermaps. Accessing a splitter
involves a search from the hypermap associated with the executing
frame up the hypertree until the value is found. Splitter hypermaps
support the following two basic operations:

e HYPERMAP-INSERT(h, x,v) — insert the key-value paix, v)
into the hypermaph.

e HyPERMAP-FIND(h,x) — look up the splitterx in the hy-
permaph, and return the value stored imthat is associated
with x, or returnNIL if the value is not found. Ih = NIL (the
hypermap does not exist), signal an error.

The runtime data structures described in Section 4 can be be ex-

tended to support splitters. Recall that each worker owns a spawn
dequedeque implemented as an array, where each indstores a

The runtime system executes certain operations at distinguished
points in the client program:

e when the user program accesses a splitter hyperobject,

e uUpon acilk_spawn,

e upon return from &ilk_spawn, and

e upon arandom steal.

We now describe the actions of the runtime system in these cases.
Each action is executed as if it is atomic, which can be enforced
through the use of a lock stored with the worker data structure.

Accessing a splitter. Accessing a splitter hyperobjegtin a
workerw can be accomplished by executingLSTTER-L OOKUP
(w.h,x), where the BLITTER-LOOKUP(h,x) function is imple-
mented by the following pseudocode:

e Sethiter = h.

e While (v=HYPERMAP-FIND (hiter,x)) == NIL:
e Sethiter = hiter . parent.

e If h= hiter, then H'PERMAP-INSERT(h, X, V).

This implementation can be optimized:

e For hypermaps in the deque, rather than followpagent
pointers in the search up the hypertree, the auxiliary point-
ers in hypermaps can be omitted and the search can walk up

the deque itself.

After looking up a value in an ancestor hypermap, all inter-
mediate hypermaps between the active hypermap and the hy-
permap where the value was found can be populated with the
key-value pair.

Spawn. Letw be the worker that executes1k_spawn.
Setparent = w.h, and createhild as a fresh empty hypermap.
Setparent.spawn = child.

Setparent.cont = NIL.

Setchild.parent = parent.

Pushparent onto the bottom of's deque.

Setw.h = child.

Return from a spawn. Let w be the worker that executes the
return statement. Lethild = w.h, and letparent = child.parent.
We have two cases to consider. If the deque is nonempty:

e For all keysx that are both irchild and parent, update the

value inparent to be the value irchild.

e Destroychild.

e Setw.h = parent.

If the deque is empty:

e Destroychild.

e For all keysx that are inparent but not inparent.cont, insert

the parent value intparent.cont.

e Setw.h = parent.cont.

e Spliceparent out the hypertree.

e Destroyparent.

In either case, control resumes according to the “Return from a
spawn” description in Section 4.

Random steal. Recall that on a random steal, the thief worker

thief removes the topmost call stack from the victiiotim's deque

victim.deque of the victim. Letlooth be the youngest hypermap on

call stack. The top and bottom of the deque are indexed by worker- victim's deque.

local variablesH and T, where array positiom contains a valid
pointer forH <i < T. We augment each deque location to store a
pointerdegueli] .h to a hypermap. Each workewrker also main-
tains anactive hypermamworker.h. In addition, we store parent
h.parent pointer with each hypermalp, which points to the par-
ent hypermap in the hypertree (mrL for the root of the hyper-
tree). Each hypermaphas two children, identified dsspawn and
h.cont.

e Create a fresh empty hypermbap

e Seth.parent = looth.

e Setlooth.cont = h.

e Setthief.h=h.

This implementation copies a view when the splitter is accessed
(read or write), but it is also possible to implement a scheme which
copies a view only when it is written.
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We conclude by exploring other useful types of hyperobjects be-
sides reducers, holders, and splitters. For all three types, the child
always receives the original view atalk_spawn, but for parents, [6]
there are two cases:
COPY: The parent receives a copy of the view. [71
IDENTITY: The parent receives a view initialized with an iden-

tity value.
The joining of views, which can happen at any strand boundary (8]
before thecilk_sync, also provides two cases:
REDUCE: The child view is updated with the value of the par-

ent view according to a reducing function, the parent view is

discarded, and the parent view gets the view of the child. [9]
IGNORE: The parent view is discarded, and the parent receives

the view of the child.
Of the four combinations, three are the hyperobjects we have dis- [10]
cussed:
(IDENTITY, IGNORE): Holders. [11]
(IDENTITY, REDUCE): Reducers.
(COPY, IGNORE): Splitters. [12]

The last combinatioCOPY, REDUCE), may also have some [13]
utility, although we have not encountered a specific need for this
case in the real-world applications we have examined. We can
imagine a use in calculating the span of a computation, for example, [14]
since the state variables for computing a longest path in a compu-
tation involve the behavior of both a splitter and a max-reducer.

There may also be other useful types of hyperobjects than the
four produced by this taxonomy.

[15]
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