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Abstract

This paper describes the data structures and techniques used in dynamicaly detecting concurrency in Directly
Exccu ted Language (DEL) instruction streams. By dynamic detection, it is meant that these techniques are

designed to be used at run time with no special source manipulation or preprocessing required to perform the
detection.

An abstract model of aconcurrency detection structure called an ordering matrix is presented. This structure

is used, with two other execution vectors, to represent the dependencies between instructions and indicate
where potential concurrency exists.

An agorithm isdeveloped which utilizes the ordering matrix to detect concurrency within determinate DO-
loops. It is then generalized to detect concurrency in arbitrary DEL instruction streams.
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1 Int reduction

Many techniques have evolved for specifying parallel execution of instruction streams. A common and to
date most heavily exploited technique is to have the programmer specify it. This technique has been
exploited in a number of machines [2, 16, 21] and spccified in a number of modern languages [4, 20].
Programmer specified parallelism isuseful when there are sufficient resources such as concurrent languages
and parallel architectures to support the task at hand. Certain tasks, such as graphics and wesather forecasting,
have a high degree of inhcrent parallelism which can best be detected by explicit specification in the program.

There are many tasks, however, which arc inherently serial by nature. A compiler, for example, must break
the input stream into tokens, parse the stream, build the symbol table and emit the code. Certain overlaps
may beaccomplished, but it becomesinfeasible for the programmer to specify all of theinstances of potential
parallel execution without an undue amount of effort. 1n tasks such as these, thereislittle to be gained by
requiring the programmer to specify the paralelism, since the speed gained by the short instances of
parallelism is not worth the additional time required by the programmer to make the specification.
Gosdcn [7] says that “ Programmers will specify parallelism only if it is easy and straightforward to do so.”
Since parallelism in inherently serial tasks is neither easy nor straightforward to specify, an alternative
technique must be used to detect what parallelism does exist.

Preprocessing has been used to detect parallelism by rearranging high level language statements and
inserting paralldl indication statements [10, 11, 12].  This technique has the advantage of detecting the
parallelism once for many cxecutions of aprogram. Unfortunately, the disadvantage of preprocessing isthe
high overhead that it presents. This technique appcars to be best suited for production code which will be
able toamortize the cost of thepreprocessing over alarge number of executions of the program.

Y et another technique that has been investigated, has been to dynamically determine the parallelism by
examining a“ window” [9, 18] of instructions to be executed and exccuting as many instructions as possible
concurrently limited only by dependencies and the size of the window. Thistechnique has the advantage of
not requiring preprocessing, but it also has the disadvantage of only being able to detect local concurrency,
usually only between branch instructions[S] and always only on information given inthe machine instruction
stream.

For example, given the following high-level language code fragment:

DO 12 | = 1,10
12 X(1) = 0

A highly optimized IBM 370 machine code rcprescntation of thisloop might be as shown in figure 1. This
loop would be forced to execute amost completely serially with very little overlap since the loop was



LA R1,1

SR R3,R3

L R4,=A(X) .
BACK LR R2,R1
SLL  R2,2

ST R3,0(R2,R4)
LA R1,1(R1)

C R1,=F'10"
BNE BACK

Figure 1. IBM code for DO-loop

implemented as an increment, compare and branch.  The information indicating that the loop is to be
executed 10 times has becn lost, losing with it the possibility that any of the iterations could have been
performedconcurrently.

A machine architecture which retains al the information of the high level language allowing greater
possibility for concurrency detection has been proposed by Flynn and Hoevel [6]. This representation is
called a Directly Executed Language (DEL). The theory of DELs says that there is a one-to-one mapping
between the states in the high level language and the states of the machine representation. It is felt that by
dynamically andyzing a DEL instruction stream, it should be possible to detect al the parallelism that could
have been detected in the source code using preprocessing techniques. For example, the DEL tran [8] code for
the previous Fortran Do-loop is shown in figure 2.

MOVE <1> <I>
#12 -AB <I> <X> MA1 <0>
END1 <I> <10> <#12>

Figure 2: DELtran Representation of DO-loop

This encoding preserves all the information of the original DO-loop, consequently allowing the concurrent
execution al the iterations of the loop.

Orthogona to the time at which the parallelism is detected, is the techniques used to represent it. Two
basic representations have been used: the graph model and the matrix representation. The graph model has
as its advantage, its concise representation of the problem and its explicit representation of the dependencies.
But because of its irregular structure, it is not well suited for hardware implementation and has therefore been
used primarily in preprocessing schemes.  The matrix model has aregular structure well suited for dynamic
detection but it tends to become large and information inefficient when large amounts of parallelism are
desired. But because of the matrix model’s favorable attributes, and because VL SI {14] lessens the importance
for information efficient hardware, the matrix model appears to be the best mechanism for dynamic detection
of DEL concurrency.



2 Preliminary Definitions

In dynamic concurrency detection, we are trying to detect all instructions in atask which are ready to be
executed, and execute them at the same time. If instruction [, can not be executed, it is because it must wait
for the result of some other instruction, Ij. If I must order its execution with Ij then adependency is said to
exist between I, and Ij. There are basicly two types of dcpendencies: data and procedural. Datadependencies
are caused when the output of one instruction is needed by the input of alater instruction. This causes the
dependent instruction, the receiving instruction, to halt execution until the data that it needs has been
produced. Procedural dependencies occur when, because of apotential branch, it is unclear whether an
instruction will be exccuted or not.

Keller and others 3, 9, 17] have shown that the following definition can be used to define data
dependencies.

Definition 1: Data Dependency - There is a data dependency between [, and IJ. if one of the
following three conditions are satisfied:

1.D,NR* O

2. Dj NR# 0

3.R, N Rj # 0
where
D, is the set of variables used as input by instruction I,
DJ. is the set of variables uscd as input by instruction Ij
R, isthesct of variables affected by instruction .
R. is the set of variables affected by instruction Ij .

Procedural dependencics arc foundbetween conditional branch and any other instruction.

When an instruction hasdependencies with instructions which would havebeen serialy executed before it
inthe instruction stream, it must wait for these instructions to bc cxccuted before it can exccute itself. If it has
Nno such dependencies, it is completely free to execute assuming the hardware resources arc available to do so.
Thisconcept of “freeto execute” was defined by Tjaden[17] to be executable independence.

Definition 2: Executably Independent Instruction - An instruction, Ii' is cxecutably independent
if it has no dcpendencies between it and any instruction Ij such that Ij was to bc serially executed
beforel..

1

A task can most efficiently be cxceutecl if al instructions which are "free to exccute™ arc executed during each
instruction cycle. The term Optimal Concurrent Execution isuscd to describe an execution such asthis.



Definition 3: Optimal Concurrent Lxecution - A task is executed in its optimal concurrent
execution if al instructions which are exccutably independent arc exccuted in each instruction
cycle.

The goal of dynamic concurrency detection, then, isto generate and implcment, in hardware, an algorithm
which will perform the optimal concurrent execution of atask. Thiswill be done using the ordering matrix
and cxccu tion vec tors.

3 Function and Constant Definitions

A number of functions and constant variables are used in the detection of concurrency which will be
defined now.

3.1 Functions

MIN(x,y) returns the smaller of the two values of x any y
MAX(x,y) returns the larger of the two values of x any y
SM%‘:j{f(i)} returnsthe smallest valueof f(i) Vi3 <i <k

GTf:j{f(i)} returns the greatest value of f(i) Vi3 j <i <k

82i returns 1if j>ielse0

3.2 Variable Constants

S, number of instructions in the task

N, max maximum number of titnes that instruction L is free to execute.

1

4 Abstract Model

4.1 Preliminary Assumptions

In a machine program with no concurrency specification, it will be assumed that a list of instructions exist
of the form: I ,L,,...l, where N isthe number of statementsin the program. We will assume a standard Von-
Ncuman linear address space where each index specifies the address where it is found so that [, is at address
i. The serid execution of this instruction sequence is defined by its linear structure atered only by branches in
the obvious way.



4.2 Ordering Matrix

Dependency information is used to generate a matrix to illustrate all the required orderings of the original
source program. Thismatrix, called the ordering matrix, was first studied by Barankin [1] for illustrating
prceedence, and later considered by Leiner {13] for synchronizing computers to work together. Reigcel [15]
used matrices to detect concurrency in noncyclic code sequences. Tjaden {17] extended thiswork to include a
hierarchy of tasks and cyclic code sequences.

The ordering matrix is constructed by associating with each element (i,j) a vaue of 1 or 0. Element (i,j) is 1
if there is dependency between L, and Ij; otherwise it is 0. Figure 3 shows the ordering matrix for a sample

program.
Samplc Program Ordering Matrix
11 :=J 0011
2 if J := 0 then 0000
3 | = K 1001
4 L:= | 1011

Figure 3: Ordering Matrix Example

4.3 Execution Vectors

Two additional vectors are needed to assist in dynamic concurrency detection. These vectors each contain
one integer element for cach ingtruction in the task and indicate the execution status of the task.

Definition 4: B Vector - The B vector specifies the number of times each clement inthetask is
to be executed.

Definition 5: C Vector - The C vector specifics the number of times cach instruction has been
exccu ted.

Figure 4 shows the execution vectors for a DO-loop in which the first two statements have been executed 8
times and the last statement has been cxecuted 4 times.

DO 10 | = 1,12 Exccution Vectors
A(l) = 0 B: <1, 12, 12, 12>
B(I) = A(1) C <1, 8 8 &

10 D(I)= B(1)
Figure 4: Execution Vector Illustration

The utility of the ordering matrix and the execution vectors will be illustrated in the following section.



5 Concurrency Detection Algorithm

The concept of the DO-loop isimplemented in many current high level languages. This structure is also
frequently called aFor loop in more modern languages. The DO-loop has the desirable quality that once the
loop is entered, assuming there are no imbcdded branches, it is well known exactly how many iterations will
take place. If the computer can detect that a DO-loop is cntcred, it may be possible to execute more than one
loop at atime. Multiple DO-loop executions from a preprocessor standpoint was investigated by
Lampart [11]. He devised two techniques which involve the manipulation of the original sourcelinesin order,
to produce a new source which can easily be executed in parallel.

An agorithm will now be developed with the primary intention of dynamically detecting and executing as
many iterations of a DO-loop as is possible while aso executing non-loop code concurrently.

5.1 Algorithm for Determinate DO-loops

As an introduction to the techniques of the detection agorithm, an example is presented:

DO 6 J = 1, 10
I
1
IZ

L
5  CONTINUE

It can easily be seen that the above three instructionsin the inner loop of the DO construct are each going
to be executed 10 times with the variable J increasing from 1 to 1(5. If we assume this DO-loop has no
imbeddcd branch instructions, its execution sequence is determinate. This Situation provides the definition of
a determinate DO-loop.

Definition 6: Determinate DO-loop - A DO-loop which contains as its inner instructions no
branches of any kind is called a detcrminate DO-loop and the DO instruction initiating the loop is
called a determinate DO instruction.

It is now instructive to examine when an instruction is executable independent to execute a multiple number
of times from within aloop. From the example, it can be seen that it may be possible to execute |, ten times
at onceif there is no dependency betwcen |, and |, or between |, and |,. But if there are dependencies, then
one iteration could and most probably docs affect the next iteration so that multiple exccutions of asingle
instruction may not be possible. Assume that there arc dependencies between |, and |, and between |, and
[,. Under these conditions, when can |, execute its nzh iteration of the loop? Well obviously, since |, comes
before I, and I, has adependency with 1,, it must have executed » times before I, can execute itsnzh iteration.
Also, sincel, has adependency with I,, I, may change aresource on its n¢hiteration that |, may have needed
on its n-/th iteration. Therefore an additional condition is that 1, may not bc cxecuted for the nzk time until
I, has been cxecuted n- 1 times.



The term N executably independent is used to describe when an instruction can be executed for its nth
iteration.

Definition 7: N executable independence - Instruction I, is N executably independent if it is
executably independent to execute its nth, and consequently all previous occurrences of its
execution.

From the previous example, it is possible to determine when an instruction is N executably independent.

As shown, two conditions which must exist if an instructionin aloop isto be N executably independent is
that:

- all dependent instructions previous to instruction I, must have been cxecuted N times

. all dependent instructions after the instructionl, must have been executed N-I times
Outside the determinate DO-loop, these conditions do not necessarily hold because of branches.
Extending this algorithm to outside loops will be a smple modification later. Using the definition for N
executable independence and the information in the ordering matrix and execution vectors, atheorem can be
derived for determining when an instruction is N executably independent and what the maximum N (Nima")

for this instruction would be.
Theorem 8: Aninstruction L isN-cxecutably independent if and only if:

N < Nima‘ where
_ s =1:

Proof: The proof is shown in {19].

The technique of the concurrent execution algorithm is to follow these steps.
1. Vi, 1<i LS, determine all N7
2.ifc < Ni‘“ax then execute instruction L, Nima" -c, times
3. adjust the ordering matrix and execution vectors to reflect the previous executions
4. If task is not completely executed, go to step 1

As can be seen, the agorithm pulls out al existing concurrency from the loop, executes it, and updates the
ordering matrix and exccution vectors to reflect the new state of the machine.

Once an instruction has executed all its activations, its dependency is no longer needed. To indicate this
condition, a third statc isadded to the ordering matrix. This state indicates that a dcpendency cxists between



two instructions but because of the exccution of one of the two instructions, it is no longer needed. A
dependency of thistypeis termed deactivated. A “ 2" in the ordering matrix at clement (i,j) indicates that
there is a deactivated dependency between instructions I, and Ij.

The function reset is defined to deactivate adependency in the ordering matrix. This function takes as
input an element of the ordering matirx, if the clement indicates an activated dependency, 1", it is changed

to adeactivated dependency, “2". Nondependent and deactivated dependencies are simply passed through
thefunction unchanged.

3

Reset(mij)
0

2
2

N O

The function Set reactivates, deactivated dependencies. It acts the same as the reset function except that
nondependent and activated dependencies are passed through and deactivated dependencies are changed to
activated depcndencies.
m, Set(mij)
0 0

1 1

2 1

Before continuing, it is necessary to understand what is meant by a dependency indeterminate DO-loops.
Normally, in calculating ordering matrices, all elements of an array are treated as one element. This occurs
because the index used by the array is undecidable until the actual execution of the instruction so that the
worst case, that of two array references being the same, must be assumed. This restriction will continue to
apply within dctcrminate DO-loops cxcept if the array isindexed by the loop index varaible. In this case, D;
need not always be distinct form R, for L. to be independent from Ij. The following example will illustrate
this.

Do 12 1 =1,10 Statement
B(I) = A(I-1) 1
12 A(D) = | 2

The first statement in the loop is not dependent on the second even though according to the definition of
dependency, they should be. It can be shown that dependencies for array references in determinate DO-loops
with increasing index variables, can bedctermined by application of theorem 9. Determinate DO-loopswith
decreasing index variables can aso analyzed by minor modification of some signs in the theorem.

Theorem 9: Let A bc the difference in the index specification for an overlapping array variable
bctwccnl andI Thét i is, if A[I+d] iScontained |nI and A[I+d] is contained |n1 where A isan
array and lisa Ioop index variable then



Aij: I +d - (I +dj)
=d.-d
b
L. isdependent Witth if:
Aij + 8121> 0
Proof: Shown in [19].

From this theorem, it can be seen that statement 1 is not dependent on statement 2 since A,, = -1, but
statement 2 is dependent on statement 1 sincc A,, = 1.

With this background, the concurrency detection algorithm within determinate DO-loops is shown in

figure 5.

While B# Cdo
Forali31<i<S,b,<c,do coricurrently

1. calculate N,™* by application of theorem 8
2. execute [, N.™* - ¢, times
3. i =N
“4.if ¢, = b, then resct row i
end

Figure5: Concurrency Algorithm for Determinate DO-loops

Before execution begins,the ordering matrix is generated from the instruction dependencies, the B vector is
initialized to the number of iterations and the C vector is initialized to zero.

An example should help illustrate the previous concepts.  Using the DO-loop shown in figure 4, the
definition of dependency, and theorem 9, the initial ordering matrix and execution vectors for the body of the

loop are illustrated in figure 6.

O_rd[ﬂgg MTix Execution Vectors
100 M0t ke <12,12,10>0, 0,

Figure6: Initial Settings of Loop Example

TheN.™ vector for this initial configuration is calculated from Theorem 8 to be:
N =<12,0, 0>
thus allowing the cxccution of the first statement in al itsiterations. Figure 7 shows the ordering matrix and

execution vectors after the first itcration of the agorithm.
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Ordering Matrix Execution-Vectors
020 B: <12,12,12>
001 c. <12, 0, 0>
000!}

Figure 7: Structures After One Iteration

Thesecond stepexccutes the secondstatement producing the matrix and vectors showninfigure 8.

Ordering Matrix Execution Vectors
020 B: <12,12,12>
002 c : <12,12, 0>
000

Figure 8: Structures After Two Iterations

Finally, the third iteration executes the third statement, finishing the loop and producing the matrix and
vectors shown in figure 9.

Ordering Matrix Exccu tion Vectors

0 B: <12,12,12>
00 c: <12,12,12>
00

Figure 9: Final Structure Settings

5.2 General Algorithm

The Theory will now be expanded. to include arbitrary instruction sequences by introducing more
definitions.
Definition 10: Branch Subset - A Branch Subset (S, ) is a contiguous sequence of instructions

from a static instruction stream such that [, is a branch instruction, I, is the first branch
instruction after I, and all instructions Ij, I <3< k arc members of the branch subset.

Definition 11: Newly Activated Subset - A Newly Activated Subset of a Branch Subset is
composed of all instructions|., such that . is the destination of abranch instruction, I, is the next
branch instruction after I, and i < j < k. The branch subset which contains the branch instruction
which activatesthe newly activated subset, is called the Activating Branch Subset.

The idea of the complete algorithm isto extend the conditions of N exccutable independence over the
entire task adjusting the execution vectors so that optimal execution is performed at the right time.

By sétting the C vector of anewly activated subset to the largest value of the B vector of the branch subset
causing the activation, it will be guaranteed that no dependent instruction of the newly activated subset will
execute until the last itcrntion of the dependent instructions in the activating branch subsct have been

executed.
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Ii branch-

mnf

— 1

n

Figure' 10: Program with multiple Branch Subsets

Given the skeleton program shown in figure 10 There may be and most probably will be active
dependencies between unexccuted instructionsin S, and thoseinS_ . To stay within the framework of the
algorithm and hold off the execution of S__ until all dependent instructionsin S, have executed, set al C

.elementsinS _ tothelargest B element value. Thiswill guarantee that no elements inS_ will execute until
the corresponding dependencies have been resolved. The B elements of S are then set to one larger than
the C elements to indicate one unexecuted activation.

If a determinate DO-loop is being executed, it is known that eventualy the following branch subset will be
executed so the same technique of B and C vector initialization on the following branch subset can be used
when adeterminate DO-loop is entered.

The complete agorithm is now given in figure 11

The ordering matrix is initialized with the rows of the first branch subsct activated, the C vector set to zero
and the elements of the B vector of the first branch subset set to 1.

An example is now given to help illustrate the general algorithm.  Consider the program shown in figure
12. Its ordering matrix and ecxecution vectors are given in figure 13. Thefirst iteration finds instruction 1 to
be 1 exccutably independent only, producing the concurrency structures shown in figure 14. The concurrency
structures now indicate that instructions 2 and 4 can bcexecuted producing the structuresfound in figure 15.
Now instruction 2 can cxccutc 9 more times, intruction 3 can execute 1 time and 5 can execute 1 time
producing the structures shown in figure 16. Now instruction 3 is cxecuted 9 times and instruction 6 is



12

WhileB#CdoForali31<i<S,b,<c, doconcurrently
1. calculate N, by gpplication of theorem 8
2. execute |, N;™ - . times,
3.¢ i =N
4.if ¢, = b, then reset row |
5.if I, is a branch instruction with destination IJ. in branch subset S then
a if L. isnot adeterminate DO instruction then
i. if m <j < n then begin
l.Fordlk3j<k<ndo

a set row k
b.b :=b, +1
ii. enh else
1.Fordlk3j<k<ndo
a setrow k
— TS
b. b, = GT(B) + 1
c.c : = GT(B)
b. elseif I isadeterminate DO instruction oft iterations then begin
i.Forali3j<k<nl
1. set row k
2.b 1= b + t-I
ii. Foralli 3 ntl <k<p
1. set row k
2.b :=GT(B) +1
3.c,:= GT}\(B)

Figure 11: General Algorithm for Concurrency Detection



Fortran Program

DO 10 | = 1,10
B(I) = A(1)
c(1) = B(1)

10 CONTINUE
3=0

20 J=J+1
IF A(J) =

0 go to 20

13

#10

#20

DEL Representation
1 =1
B(I) = A(D)
C(I) = B(1)
END1 < | > <100 <#10>
MOVE <0> <J>
A B A I>LKI>LH
IFE <A (J)> <#20>

Figure 12: General Concurrency Algorithm Example
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‘ency S tructurcs after Two Iteration

1,10,10,
1,10, 1,

1,11,11,11>
1,11,10,10>

Figure 16: Concurrency Structures after Three Iteration

executed once producing the structures shown in figure 17.

Instruction 7 then executes and assuming the

branch istrue, instruction 6 is reactivated producing the structures shown in figure 18. Instruction 6 is then
exccuted again producing the structures shown in figure 19.  Finally instruction 7 is exccuted with a false

result finishingthe task and producingthe structures shownin figure 20.
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B: < 1,10,10,1,11,11,11>
c: < 1,10,10, 1,11,11,10>

Figure 17: Concurrency Structures after Four Iteration

B : < 1,10,10,1,11,12,12>
c: < 1,10,10,1,11,11,11>

Figure 18: Concurrency Structures after Five lteration
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B: < 1,10,10,1,11,12,12>
c: < 1,10,10,1,11,12,11>

B: < 1,10,10,1,11,12,12>
c: < 1,10,10,1,11,12,12>

Figure 20: Concurrency Struc turcs after Seven lteration
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