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ABSTRACT
Parallel programming platforms are heterogeneous and
incompatible; a common approach is needed to free programmers
from platforms' technical intricacies, allowing ﬂexible
execution in which sequential and parallel executions produce
identical results. The execution and programming model of an
embedded ﬂexible language (EFL), which implement this common
approach,
are
presented.
EFL allows
embedding
of
deterministic parallel code blocks into a sequential program,
written in any host language. EFL programming model constructs
are presented. An EFL implementation of the Reduce Parallel
Design Pattern is presented. With EFL we aim to implement safe
and eﬃcient parallel execution, in software, hardware, or both.
Consequences of Rice's theorem regarding parallel computation
are discussed. These consequences severely restrict what can be
checked at compile time. An approach is proposed for
circumventing these restrictions.
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1 INTRODUCTION
We are at the beginning of a paradigm shift [1] in programming,
from serial to parallel, and there is a need for programming
languages providing the programmer with appropriate
programming abstractions. Programming languages designed for
writing parallel or concurrent programs can be classified by the
demands they make on the programmer. At one extreme, pure
functional languages allow a programmer to disregard
concurrency coordination, enabling well-defined parallel and
unordered sequential execution, freeing the programmer from
considering
all
possible
execution orders.
At
the opposite extreme, sequential imperative languages force the
programmer to consider in detail many possible execution orders.
In between these extremes, languages can be designed where a
compiler, debugger and run-time environment reduce the burden
on the programmer.
The Embedded Flexible Language (EFL) which is presented here
supports well-defined order-independent execution, in the spirit of
Flexible Algorithms [2]. EFL's approach to parallel programming
is as follows (see the code example below): in each program unit,
(a) the sequential parts of the code (including all the Input/Output)
are written in the host language, and (b) the parallel parts of the
code are written inside embedded language blocks. EFL orderindependent execution is enabled by scope rules enforced inside
the EFL blocks.
A pre-compiler is needed to translate EFL embedded blocks of
code into native parallel code in the host language. In our earlier
paper [3] the implementation and testing of such a pre-compiler
was discussed.
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The idea behind EFL is to create an embedded language that looks
and feels like a sequential language, but in fact gets executed in
parallel by the host language run-time environment. This
provides an abstraction layer over the actual parallel platform
(Python's Multiprocessing module, MPI, openMP, Cilk, etc) upon
which the program will run. EFL provides the average
programmer with the tools to create parallelized code to optimize
the use of multiple CPUs, in a simple and safe way that does not
require the programmer to learn about the complications and
intricacies of parallel platforms' programming.
When deciding about the design and implementation of EFL, the
following points were identified and taken into account:
a) Parallel algorithms should be only slightly harder to write
than sequential algorithms, reducing the parallel
programming burden - using implicit rather than
explicit parallelism.
b) Parallel programming language implementation should be
simplified, enabling a small language to be embedded in any
sequential imperative language which has parallel
programming capabilities.
c) Because of the above two considerations, we decided to
design a notation which is not too far from sequential
imperative programming syntax and style, but encourages
programmers to write code which enables well defined
parallel execution.
d) Excess of parallelism and its associated inefficiencies should
be avoided.
Thus, the purpose of EFL has been to provide programmers with
a universal programming tool that does not require extensive
training; so, they could utilize their familiarity with C-like
languages when learning EFL. Through familiar constructs such
as if conditions, for loops, and function calls, a programmer with
experience in sequential imperative languages should have no
problem getting started in EFL. In addition to the iterative
constructs familiar to the programmer, some additions were made
to allow implementation of advanced parallel algorithms. There
are some limitations in EFL that will be new to programmers.
Those limitations are imposed on the language due to the
requirements of the EFL programming model principles and the
order-independent execution model (see section 2 below).
The remainder of the paper is organized as follows. Section 2
covers the EFL execution and programming models. Section 3
describes the EFL grammar and semantics. Section 4 deals with
parallel programming patterns in EFL. Section 5 deals with
consequences of Rice’s theorem regarding parallel computation.
Section 6 covers related work, Section 7 provides conclusions, and
Section 8 suggests further work.

2 EFL’s EXECUTION AND PROGRAMMING
MODELS
EFL’s execution model is based on the concept of Flexible
Computation [2]. A key aspect of flexible computation is its welldefined order-independent flexible execution, i.e. the values read
during program execution, are independent of the permitted
program execution orders. The values read during parallel and/or
2
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sequential program execution of a program complying with
certain properties, should be identical. Flexible execution is
enabled by the EFL programming model which enhances the
scope rules of variables by defining where they may be initialized,
where they may be updated, where they may be read. The EFL
programming model is an abstraction of the EFL execution model
whose foundations are essentially based on three kinds of
limitation rules enforced in order to ensure deterministic
parallelization:
(a) Only “pure” function calls may be used by the programmer. A
“pure” function has no side-effects. That means no global
variables, no Input/Output, etc. “Pure” functions only perform
calculations, thus, always produce and return a value. Without a
return value, a "pure" function does not provide any utility to the
program [4]. Therefore, functions called from an EFL block cannot
be a void function. This limitation was imposed in order to enable
a well-defined parallelism. By allowing only “pure” functions,
there is no chance for different parallel threads of execution to
cause conflict. It is the responsibility of the programmer to use
"pure" functions only. The currently implemented EFL precompiler does not check this.
(b) In and Out variables (but not InOut variables!). Let's define a
variable whose value is read within an EFL block as In, meaning
that it is an input to the block; similarly, a variable to which a
value is assigned from within an EFL block is designated as Out,
meaning that the value is an output of the EFL block. An In
variable cannot be written to and an Out variable cannot be read.
This limitation prevents problems of race conditions and
nondeterministic execution [6]. If the ability to read and write to
variables was unrestricted, a situation could arise where at one
point in the code the programmer assigns a value to a variable,
x = f(a);
and then reads that variable in another subsequent line,
y = f(x);
This would be legal in languages whose execution model is
sequential. In a programming language with an unordered or
parallel execution model, this would be problematic because the
order of execution is unknown. To ensure that the execution of
EFL code is deterministic, this is not allowed. Therefore, if a
variable is assigned to anywhere in an EFL-block it is designated
as an Out variable and its value cannot be read inside the EFLblock. Likewise, if a variable is read inside an EFL-block, it is
designated In and cannot be assigned to anywhere in the EFLblock. The EFL pre-compiler identifies the In and Out variables
and notifies the programmer of any violations of this rule. It is
clear that in the non-EFL parts of the program, which are
completely sequential, and their semantics are deterministic, the
values of variables can be changed without any restriction.
(c) Once-only assignments. Once a variable is designated as an Out
variable, it does not make sense to assign to it multiple times in
the same EFL block because the order of assignments is unknown
and thus the final value of the variable is also unknown. Thus,
multiple assignments to the same OUT variable are prohibited in
EFL.
In an earlier paper [3] we used Rice's theorem [5] to show that
violations of once-only assignment cannot be checked at compile
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time. We therefore implemented a debug mode in which the EFL
pre-compiler produces code in the host language, that checks for
violations of once-only assignments at runtime. In the long term
we would like to find a complete and efficient implementation of
our flexible computation approach to parallel programming and
this is discussed further in [3]. (Further discussion on Rice's
theorem and the possibility of circumventing it is to be found in
section 5).In [3] we also validated EFL usability by a case study
that addresses an important kind of parallel programs, which are
referred to as task trees [7] [8] [9].
Comment on EFL's Programming Model Design Decisions.
Different languages define functions and variables in different
ways, a difference which is particularly felt when we compare
typed versus un-typed languages. Typed languages require
variables, functions and functions' parameters to be bound to data
types. On the other hand, un-typed languages don’t have those
requirements. We wanted EFL code to exist within the context of
the host language, with full access to the host program variables,
context, and scope, and simultaneously to be host-languageindependent, enabling EFL code portability among host
languages, without any modification. In order to achieve those
goals, variables and functions are not allowed to be defined inside
EFL blocks, enabling EFL code to be embeddable in any host
language, typed and un-typed alike

3 EFL GRAMMAR AND SEMANTICS
The resemblance between EFL’s and C's syntax is apparent. For
example, the following EFL code calculates the factorial of a
collection of numbers:
for (i = 0; i < len(inSeq); i = i + 1)
{
outSeq[i] = factorial(inSeq[i]);
}
This code would compile in C, C++, Java, C# and Javascript and it
would do the same thing in each of those languages. A
programmer familiar with the sequential execution model of any
of these C-syntax-based languages can tell that the semantics of
this for-loop is to iterate over the inSeq collection by incrementing
i by one at the end of each iteration instance. The factorial
function is called in each iteration instance with the current item
of inSeq. The value returned by factorial is stored in the outSeq[i].
The EFL semantics of the same for-loop, according to its flexible
order-independent execution model, is fundamentally different:
instead of looping through each iteration instance of the for-loop,
sequentially, one at a time, proceeding to each subsequent
iteration instance only after finishing the body of the current
iteration instance, EFL executes each iteration instance of the loop
in parallel. Each of the calls to the factorial function is executed
in parallel, as different and separate tasks. If the computer
executing the program has multiple cores, they are utilized in the
most efficient way.
Basic Parallel Constructs
The basic constructs of EFL are:
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(a) Assignment-block:
Similar to C, it is a set of assignment expressions, with variable(s)
being assigned to, followed by the assignment operator (the equals
sign), followed by the expression whose value is assigned to the
variable(s). For example:
EFL{
myValue = 5; // Simple assignment of value
myExpr = f(5); // Expression containing function call
}EFL
Whereas in a sequential execution model language, these two
statements would execute in sequence, according to their
occurrence in the text of the program, in EFL they are executed in
an unspecified order; actually, in parallel. The benefit of this is
particularly felt when used with calls to functions that are CPUintensive. For example:
EFL{
myVal1 = cpuIntensiveOp(someParameter);
myVal2 = cpuIntensiveOp(someOtherParameter);
}EFL
This example shows EFL's Assignment-block's core semantics: the
two calls to the long-running function cpuIntensiveOp are
executed in parallel and their returned values are assigned to the
OUT variables myVal1 and myVal2. An OUT variable cannot be
used as index to an array arr,but the value returned by a function
call may be used as index (for example arr[f(x)]). In this case f(x)
is evaluated in parallel with other statements in the EFL-block.
Likewise, if a function is called with values which are a result of
function calls, then those are calculated in parallel but not the
‘outer’ function call. Note that the evaluation of such expressions
in EFL is similar to the substitution model of expression
evaluation in functional programming languages like Scheme
[10]. In the following assignment statement, the EFL pre-compiler
generates code in which all the calls to f are calculated in parallel
and only after the calls to f return their results, is g called.:
arr[f(a)] = g(f(x) * f(y), f(z));
(b) if-block:
This construct allows conditional execution of code. It allows for
alternative conditions using the keyword elseif, and a default
condition else that is executed when none of the conditions result
in true. A typical if block can look like the following:
EFL{
if ( conditionOne(someValue) ) {
// some code here
} elseif ( conditionTwo(someValue) ) {
//other code here
} elseif ( conditionThree(someValue) ) {
//other code here
} elseif ( conditionFour(someValue) ) {
//other code here
} else {
//last code here
}
}EFL

3
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In terms of functional programming, the if statement in EFL is
similar to a Special Form. Although function calls in EFL are
usually executed in parallel, function calls in the condition of an
if statement are not executed in parallel, but sequentially, as usual
in sequential execution languages. That way, the body of the block
controlled by the first true condition is executed in parallel to the
rest of the EFL-block. If the conditions were evaluated in parallel
to the rest of the if-block (like they are in pif, see below), the
decision of which block to execute inside the if statement would
have to be delayed until the results of all the conditions are
determined. This would create a barrier in the parallel execution
of the whole EFL-block. Therefore, we decided that the conditions
of an if statement are not evaluated in parallel. If the programmer
would like to utilize parallelization to evaluate if conditions, then
he has two options: (1) to use a pif-block (see below), or (2) to
write an EFL-block in which the necessary conditions are
evaluated in parallel and the results are saved to variables, and
then, use the results in a subsequent EFL-block. This could look
like the following:
EFL{
a = f(x);
b = g(x);
}EFL
EFL{
if (a) {
//some code
} elseif (b) {
//some more code
} else {
//other code
}
}EFL
That way, the programmer has more control over the conditions.
It is important to note that this is not a violation of the In and Out
variables rule. When a and b are assigned in the first EFL-block,
they are established as Out variables. However, that only applies
to the scope of the first EFL-block. In the next EFL-block, their In
/ Out scope is reset and when they are encountered there, their
values are read, thus defining them as In variables. This is
perfectly valid and in fact encouraged in EFL.
(c) pif-block:
It is similar to the if block in that it provides a mechanism for
conditionally executing code. Using the keyword pif, this
construct allows for all of the conditions of the pif to be evaluated
in parallel. The pif computes the conditions of a pif elseif else in
parallel so that by the time all of the conditions’ values are
calculated, the block controlled by the first true condition could
be jumped to and executed. There are certain issues that must be
taken into account with this approach. Take for example the
following code:
EFL{
pif (a == 0) {
//something
} elseif ((b / a) == c) {//possible divide by zero exception
//something else
4
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}
}EFL
In a sequential language, there would be no chance of a ‘divide by
zero’ exception when executing this code. In a parallel execution,
when all conditions are evaluated in parallel, then regardless of
the result of the first condition, the second condition would also
be evaluated. If in fact the value of a is zero, this would result in a
run-time error. One downside of the pif is that it adds a blocking
phase until all the conditions of the pif-block are evaluated.
(d) for-block:
It is a loop construct allowing for a block of code to be executed
multiple times. Due to the once-only assignment restriction, for
blocks are only useful when used to loop through any sequence
data type. Each iteration instance must save any calculated values
to a different slot in a sequence. That way, there will be a welldefined result at the end. For example:
EFL{
for (i = 0; i < 10; i = i + 1) {
mySeq[i] = cpuIntensiveCalculation(i);
}
}EFL
By assigning to different locations of the sequence in parallel, we
can ensure deterministic results. Assigning to a different location
of the sequence in each iteration instance avoids violations of
once-only assignment. As a side note, the variable i violates both
the In and Out variable rule and once-only assignment. It is
assigned in the initialization of the loop, defining it as an In
variable. After the body of the loop executes, the value of i is
incremented, violating once-only assignment. Its value is
subsequently read in the condition of the loop to decide if the loop
should continue to the next iteration instance or not. Reading the
value of i defines it as an In variable. Having already been defined
as an In variable, i violates the In/Out designation rule. Because
those rules are a safeguard against non-deterministic results of a
parallel execution, and the variable i is never actually assigned to
or read in parallel in the processed code in the host language, this
exception to EFL's programming model was allowed. It was
decided that for the benefit of the programmer, the for-block
syntax remains similar to the C for-block syntax.
Advanced Parallel Constructs
Although EFL was designed to mirror a sequential language as
closely as possible, there were some advanced parallel constructs
that were included in the language:
(a) LogLoop-block:
It was created in order to allow performing an efficient parallel
scan of a sequence. This parallel construct is implemented by a
parallel algorithm that executes an operation on non-overlapping
sub-sequences of a sequence.
A call to LogLoop looks like this:
EFL{
result = logloop(mySeq, myFunction);
}EFL
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EFL’s LogLoop construct is implemented using an algorithmic
pattern which is based on balanced trees. The idea is to build a
balanced tree on the input data and traverse it from the leaves to
the root. A k-ary tree with n leaves has logk(n) levels and therefore
the running time of the algorithm is O(logk(n)) where k is the
number of parameters of the function, and n is the length of the
sequence. One example function is addition. The algorithm works
by summing every two elements in parallel, then summing every
two resulting values and so on. This will produce the sum of all
values of the sequence. The LogLoop Block requires the
programmer to specify the function to apply and the sequence on
which to apply the function.
The number of input elements for the function is dynamically
detected at run-time and the algorithm acts accordingly. If the
function accepts three parameters, then the running time of the
algorithm is O(log3(n)). The following pseudo-code illustrates the
execution in the background:
i=0
for h = 1 to log2(n) {
i=h
while (i < = (n / 2^h)) {
z = Seq[i] op Seq[i+1]
Seq[i+1] = z
i += 2
}
}
It should be emphasized that the LogLoop Block is the most
appropriate EFL tool to implement the Reduce Parallel Design
Pattern, which implementation is described in section 4 below.
(b) Loop-block:
Whereas traditional loops like while and for work sequentially,
EFL executes loops in parallel. These traditional loops are
syntactic sugar around a sequential execution of code with a goto
statement at the end of the statements of the loop body. A while
loop in C is equivalent to:
BEGIN_LOOP:
if (not(condition)) {
goto END_LOOP;
}
//statements of the loop
goto BEGIN_LOOP;
END_LOOP:
In EFL, instead, the Loop Block was created as an abstraction of
loops that decouples the repetitive nature of a loop from the order
of execution. Here is an example:
:loop (i = 0)
{
if (i < len(seqIn)) {
loop(i + 1);
}
seqOut[i] = cpuIntensiveFunc(seqIn);
}
The Loop Block is declared with an identifier and an initial value
for the iteration variable. That identifier (loop in the previous
example) is defined by the programmer, and is not a language
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reserved keyword. Within the body, a recursive call is made to the
loop using the identifier, and passing a new value for the new
iteration variable. This provides the ability to advance the
iteration using varying increments of the iteration variable. The
Loop Block is “syntactic sugar” for a function declaration, and is
looped through using a recursion-like execution. This style of
programming is especially suited for parallel programming [11]
where all iterations of the loop are executed in parallel. The loop
block views the body of the loop having its own local variables for
each index value of the loop; so, all the iterations may be executed
in parallel.
(c) MapLoop-block:
This construct is based on the “map” function of functional
programming [10] [12]. It applies a function to every element of a
collection. Calculations are made on every element of the
sequence and results are saved into a new sequence, not in the
original one. This is trivial to parallelize because the execution of
the function with a given element in the collection is independent
of the execution of the function with a different element in that
collection, and order of execution is irrelevant. For example:
EFL{
squares = maploop(mySeq, square);
}EFL
Although in general EFL was designed to look like a sequential
imperative language like C or C++, the MapLoop was included
because it helps encourage thinking about loops in a nonsequential way.

4 PARALLEL PROGRAMMING PATTERNS IN
EFL
A Design Pattern describes a standard solution of a well-known
class of design problems. It also suggests how to approach this
kind of problems. We have implemented several parallel design
patterns [14] using EFL as proof-of-concept project. A full report
of this project will be published soon. One of the cases
implemented in that project will be presented in the following
paragraph: let’s use EFL’s LogLoop construct to implement the
Reduce pattern.
Assume we need to calculate the sum of the integers 1 through 8:
def mySum(L):
func = int.__add__
EFL{
result = logloop(L, func)
}EFL
return result
print(mySum([1,2,3,4,5,6,7,8]))

5

ECBS 2017, 31 August – 1 September 2017, Larnaca, Cyprus
A graphical view of the algorithm's execution looks like this:
round 0: 1 2 3 4 5 6 7 8
\| \| \| \|
round 1: 1 3 3 7 5 11 7 15
\ |
\
|
\ |
\ |
round 2: 1 3 3 10 5 11 7 26
\
|
\
|
\
|
\
|
\ |
\|
round 3: 1 3 3 10 5 11 7 36
At the end of round 3 (log2(8) = 3), we have the result 36.

5 CONSEQUENCES OF RICE’S THEOREM
REGARDING PARALLEL COMPUTATION
In our earlier paper [3], we used Rice's theorem to show that
violations of once-only assignment cannot be checked at compile
time. Here we generalize and present various restrictive results
which are consequences of Rice's theorem. Then we suggest an
approach for circumventing these restrictions.
Rice's Theorem: Let C be the set of computable functions of n
arguments and let X, Y be non-empty subsets of C such
that X∪Y=C, X∩Y≠Ø. Then the problem of determining whether
the function computed by a program is in X or in Y is undecidable.
Rices’s theorem concerns the functions computed by
programs. The following Rice-like theorem is a consequence, and
concerns certain behaviours of parallel executions.
Rice-like theorem regarding certain behaviours of parallel
execution
Consider any program behaviour B of parallel execution which
does NOT occur with sequential executions - e.g. concurrent
multiple assignment (or race condition), deadlock, etc. Suppose
too that B can occur when executing some parallel program and
does not occur when executing some other parallel program.
Then the problem of determining whether or not this behaviour
may occur when executing an arbitrary parallel program is
undecidable.
Proof: Suppose to the contrary that this is decidable. By the above
assumption, there exists a parallel program P which exhibits this
behaviour and some other program Q which does not exhibit this
behaviour. Let f(x) be any computable function and suppose that
f(x) is computed sequentially. Then clearly this behaviour does not
occur in the computation of f. Consider the following program:
if f(x)=0 then P else Q.
In the above program, the behaviour B occurs iff f(x) is sometimes
zero. Thus, if we had a decision procedure for this behaviour we
would have a decision procedure for testing whether or not f(x),
implemented sequentially, is sometimes zero.
This is impossible by Rice’s theorem. Thus, this problem is
undecidable.
6
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Let us now consider a different problem regarding certain
behaviours of parallel execution.
A different problem
Let B be some behaviour as above concerning parallel execution.
Let Z be a nonempty set of programs, where Z does not include
all programs.
NOTE: Parallel programs are included.
Then deciding whether or not this behaviour may occur when
executing an arbitrary program where an incomplete decision
procedure gives a don’t know answer on Z is a possibility not
excluded by the Rice-like theorem above. In particular, the
following holds.
A theorem regarding this different problem
a) Such a Z exists for any such behaviour B.
b) Z must be infinite.
c) No such minimal set Z exists.
Proof: Clearly there is a program P which exhibits this behaviour
and a program Q which does not exhibit this behaviour. Let R be
any program.
a) Let Z be the set of computable programs except for P, Q.
Consider the following.
if R=P
then Behaviour B occurs
elsif R=Q
then Behaviour B does not occurs
else don’t know
This decides whether or not R has behaviour B and gives a don’t
know answer on Z as required.
b) Let E be a program for testing whether or not a program may
exhibit behaviour B, where it gives a don’t know answer on Z. If
Z may be written as the union of Z1 and Z2 where for programs
on Z1, the behaviour B occurs in some execution. For programs in
Z2, the behaviour B never occurs. Z1, Z2 are of course disjoint.
Now, if Z is finite, then Z1, Z2 are also finite as they are subsets
of Z.
Now consider the following.
if R ∊ Z1
then Behaviour B occurs in some execution
else if R ∊ Z2
then Behaviour B does never occurs
else Run the program E to decide the outcome.
This would mean that we would have a decision procedure for the
Rice-like theorem above, which is impossible.
Thus, Z is infinite.
NOTE: Only a finite number of textual comparisons need to be
made in the tests R ∊ Z1, R ∊ Z2.
c) Similarly, there is no minimal set Z, since for any such set Z,
then Z \ {P} is a smaller set satisfying this theorem since Z \ {P}
cannot be empty as this would mean that we would have a
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decision procedure for the Rice like theorem above which is
impossible.
Is there a way around the restrictions of Rice’s theorem and its
consequences?
We have seen that Rice’s theorem and its consequences severely
restrict what can be checked at compile time. The previous results
show that problems associated with the behavior of parallel
execution are undecidable and thus cannot be handled completely
at compile time (a-priori). Thus all compile time solutions to
behavioural problems of parallel execution will be incomplete and
it seems that complete solutions must handle (parts of) these
problems at run time. Nonetheless, there may be a way around.
Example 1: desirable property = freedom from conflict
Purely recursive programs with no assignment statements are free
from conflict and every computable function can be computed by
such a function.
Example 2: desirable property = more efficient
For sequential assembly programs, a compile time check can be
made that we do not store a register to a memory address and then
load a register from the same address. Doing this does not affect
the set of computable functions.
Rice’s theorem does NOT apply at all in such cases since we do
not divide the class of computable functions into two non-empty
disjoint classes.
Specifically, can we devise a compile time mechanism based on
the above, for freedom from conflict with more efficiency in some
sense?
More precisely, is there a decidable subset of the set of all
programs such that:
a) They compute all the computable functions.
b) They are free from conflict.
c) For every program not in the subset, there is an equivalent
program in the subset which is at least as efficient.
We do not know if such a set of programs exists. Furthermore, it
may be that (c) is impossible, and if so, what kind of efficiency can
be attained subject to (a) and (b)? Further work is needed to clarify
this matter.

6 RELATED WORK
Many languages and frameworks [6] (OpenMP, Erlang, Cilk, MPI,
etc…) have been developed to support parallel programming. In
OpenMP [6] [15] the programmers insert directives into their
source code which tell the compiler which parts of the program
should be parallelized (for example, #pragma omp parallel). The
programming model of OpenMP is shared-memory-based. If
variables are defined outside a parallel region or they have global
scope, they are shared between threads. The fact that threads
might update shared memory items creates a synchronization and
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locking problem. Such a problem does not exist in EFL because of
the three principles of Flexible Computation presented above
(only "pure" function calls, In and Out variables, Once-only
assignments). OpenMP includes several synchronization
constructs to manage the order of execution of instructions
among a collection of threads whereas in EFL this is handled
automatically by the code generated by the pre-compiler.
Cilk [16] is a C-based multithreaded language similar to OpenMP,
based on a shared-memory model. Like EFL, its runtime system is
responsible for thread scheduling. In addition to this , Cilk also
deals with load balancing and inter-thread communications. A
few keywords (cilk, spawn, sync) are provided for creating
parallelism and handling synchronization.
Erlang [17] is a declarative language that shares many features
with functional and logic languages. Each Erlang program starts
as a purely sequential process and concurrency is dealt with by
using several concurrency constructs. The Erlang memory model
is not a shared memory model and asynchronous coordination
between processes is achieved through explicit message passing.
EFL does not explicitly support message passing at its
programming model, but message passing may be used as a
parallel platform upon which the EFL execution model may be
implemented. It is worthwhile to note that an MPI-based version
of the EFL pre-compiler is in the making.
Using the TPL extensions library for parallel programming [18],
existing sequential code is potentially parallelized. In EFL, like in
openMP and Cilk, it is the programmer’s responsibility for
determining which parts of the code should be parallelized. It is
worth noting that in our implementation of EFL, the pre-compiler
parallelizes function calls that occur inside EFL-blocks by using
Python's parallel programming modules, freeing the programmer
from dealing with those Python's modules directly (see our earlier
paper [3]). In contrast to TPL’s parallel for, in EFL there are no
syntactic difference between the EFL for-block and its sequential
sibling. EFL's for-block iterations are independent, however the
sequence of values of the for index variable are computed
sequentially in advance. The code generated using TPL adapts
itself to the platform on which it runs, in a similar way to our
Python’s pools implementation of EFL’s parallelism. According to
[18], “TPL does not help to correctly synchronize parallel code
that uses shared memory”. Synchronization problems are avoided
in EFL as we have previously explained. Similar difficulties will
occur with other libraries which provide parallelism (e.g. MPI [6]
[19]), since compile time checks are not possible with library
implementations of parallelism.
Etsion et al. [20] describe out-of-order task pipeline execution.
Their semantics definition is in terms of sequential execution
order, while EFL's semantics definition is in terms of a flexible
execution order. They argue that common task-based models
require from the programmer to take care of inter-task data
dependencies, which is very burdening. In EFL, instead, the
parallel tasks created by the different EFL constructs are
completely independent from each other; therefore, there are no
inter-task data dependencies. .
Hoare's 1971 [21] and Lipton's 1975 [22] classic papers in the field
of parallel programming describe techniques where formal logic
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is used to check at compile time that a parallel program gives well
defined results. For example, variables in a "parbegin … parend
block" may be both read as well as written. EFL's approach is
different as we have explained above.
A related work of ours is about Flexible Algorithms and a course
on this topic has been developed for complete beginners. Our
teaching experiences are described in [23]. This course was well
received and the full course notes are available at
http://homedir.jct.ac.il/~raﬁ/ﬂexalgo.pdf.

7 CONCLUSIONS
The EFL project’s goal has been to create an Embedded Flexible
Language whose foundations are based on an order-independent
execution model. Code written in this kind of language may be
embedded into any host language code. In its embedded blocks of
code, execution may proceed in serial or in parallel order, having
deterministic semantics.
The EFL language has an imperative programming style,
promoting a small learning curve. This should simplify its
adoption by programmers and teachers.
We hope that EFL will be found useful in scientific programming,
mathematical libraries, etc, and as a teaching language to
introduce parallel programming for beginners.

8 FURTHER WORK
We see a need for work in the following areas:
(a) How to weaken the EFL rules while retaining the determinism
of the EFL unordered execution model.
(b) Handling of exceptions in the pif construct, which will allow
the parallel execution of expressions which their Boolean
conditions hold.
(c) Support for Purely Functional Data Structures [24]. Is this kind
of data structures an alternative to the STM [25] model? May we
integrate both in the EFL framework?
(d) Develop an EFL-based parallel programming curriculum.
(e) Clarify if there is a way around the restrictions of Rice’s
theorem and its consequences.
(f) Evaluate the ease of use of EFL with programmers.
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