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[57] ABSTRACT

An architecture for a central processing unit (cpu) pro-
vides for the extraction of low-level concurrency from
sequential instruction streams. The cpu includes an
instruction queue, a plurality of processing elements, a
sink storage matrix for temporary storage of data ele-
ments, and relational matrixes storing dependencies
between instructions in the queue. An execution matrix
stores the dynamic execution state of the instructions in
the queue. An executable independence calculator de-
termines which instructions are eligible for execution
and the location of source data elements. New tech-
niques are disclosed for determining data independence
of instructions, for branch prediction without state res-
toration or backtracking, and for the decoupling of
instruction execution from memory updating.
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SYSTEM FOR EXTRACTING LOW LEVEL
CONCURRENCY FROM SERIAL INSTRUCTION
STREAMS

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a continuation-in-part of patent
application Ser. No. 104,723, filed Oct. 2, 1987, now
abandoned. That application is a continuation-in-part of
patent application Ser. No. 006,052, filed Jan. 22, 1987,
and now abandoned.

BACKGROUND OF THE INVENTION

This invention relates to an improved architecture for
a central processing unit in a general purpose computer,
and, specifically, it relates to a method and apparatus
for extracting low-level concurrency from sequential
instruction streams.

A timeless problem in computer science and engi-
neering is how to increase processor performance while
keeping costs within reasonable bounds. There are three
fundamental techniques known in the art for improving
processor performance. First, the algorithms may be
re-formulated; this approach is limited because faster
algorithms may not be apparent or achievable. Second,
the basic signal propagation delay of the logic gates
may be reduced, thereby reducing cycle time and con-
sequent execution time. This approach is subject not
only to physical limits (e.g., the speed of light), but also
to developmental limits, in that & significant improve-
ment in propagation delay can take years to realize.
Third, the architecture and/or the implementation of a
computer can be reorganized to more efficiently utilize
the hardware, such as by exploiting the opportunities
for concurrent execution of program instructions at one
or more levels.

High-level concurrency is exploited by systems using
two or more processors operating in parallel and exe-
cuting relatively large subsections of the overall pro-
gram. Low-level (or semantic) concurrency extraction
exploits the parallelism between two or more individual
instructions by simultaneously executing independent
instructions, i.e., those instructions whose execution
will not interfere with each other. Low-level concur-
rency extraction uses a single central processor, with
multiple functional units or processing elements operat-
ing in parallel; it can also be applied to the individual
processors in a multiprocessor architecture.

Extraction of low-level concurrency starts with de-
pendency detection. Two instructions are dependent if
their execution must be ordered, due to either semantic
dependencies or resource dependencies. A semantic
dependency exists between two instructions if their
execution must be serialized to ensure correct operation
of the code. This type of dependency arises due to or-
dering relationships occurring in the code itself.

There are two forms of semantic dependencies, data
and procedural. Procedural dependencies arise from
branches in the input code. Data dependencies arise due
to instructions sharing sources (input) and sinks (results)
in certain combinations. Three types of data dependen-
cies are possible, as illustrated in Table 1. In the first
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type, a data dependency exists between instructions 1 .

and 2 because instruction 1 modifies A, a source of
instruction 2. Therefore instruction 2 cannot execute in
8 given iteration until instruction 1 has executed in that
iteration. In the second type, instruction 1 uses as a
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source variable A, which is also a sink for instruction 2.
If instruction 2 executes before instruction 1 in a given
iteration, then it may modify A and instruction 1 may
use the wrong input value when it executes. In the third
type, both instructions write variable A (a common
sink). If instruction 1 executes last, an unintended value
may be written to variable A and used by subsequent
instructions.

TABLE 1
Type 1 Type 2 Type 3
Instructionl: A=B+1 C=A*2 A=B+1
Instruction 2: C=A*2 A=B+1 A=C*®

In the prior art, all three types of data dependencies
have generally been enforced. Although the effects of
the first type of data dependency can never be avoided,
the effects of the second and third types can be reduced
if multiple copies of a variable exist. However, prior art
efforts to reduce or eliminate the effects of type 2 and
type 3 data dependencies suffer from undesirable imple-
mentation features. The algorithms for instruction exe-
cution are essentially sequential, requiring many steps
per cycle, thereby negating any performance gain from
concurrency extraction. The prior techniques also only
allow one iteration of an instruction to execute per
cycle and are potentially very costly.

Further, in the prior art, branch prediction tech-
niques have been used to reduce the effects of proce-
dural dependencies by conditionally executing code
beyond branches before the conditions of the branch
have been evaluated. Since such execution is condi-
tional, some code-backtracking or state restoration has
heretofore been necessary if the branch prediction turns
out to be wrong. This complicates the hardware of
machines using such techniques, and can reduce perfor-
mance in branch-intensive situations. Also, such tech-
niques have usually been limited to conditionally exe-
cuting one branch at a time.

SUMMARY OF THE INVENTION

The present invention provides a system for concur-
rency extraction, and particularly for reduction of data
dependencies, which exploits a nearly maximal amount
of concurrency at high speed and reasonable cost. The
concurrency extraction calculations can be performed
in paralle], so as not to negate the effects of increased
concurrency. The system can be implemented at rea-
sonable cost in hardware with low critical path gate
delays.

Accordingly, the invention provides a central pro-
cessing unit for executing a series of instructions in a
computer. The central processing unit includes an in-
struction queue for storing a series of instructions, a
plurality of processing elements for executing instruc-
tions, a loader for loading instructions into the instruc-
tion queue, a sink storage matrix for storing the results
of the execution of multiple iterations of instructions,
and an interconnect switch for transmitting data ele-
ments to and from the processing elements. As instruc-
tions are loaded into the instruction queue, a set of rela-
tional matrices are updated to indicate data and domain
relationships between pairs of instructions in the queue.
As instructions are executed, execution matrices are
updated to indicate the dynamic exccution state of the
instructions in the queue. The execution matrices distin-
guish between real (actual) execution of instruction
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3
iterations and virtual execution (the disabling of instruc-
tion iterations as a result of branch execution). The
relational matrices include data dependency matrices
indicating source-sink (type 1) data dependencies sepa-
rately for each source element in each instruction in the
queue.

According to the invention, an executable indepen-
dence calculator uses the information in the relational
matrices and the execution matrices to select a set of
instructions for execution and to determine the location
of source data elements to be supplied to the processing
elements for executing the executably independent in-
structions. Data executable independence exists when
all source elements needed for execution of an instruc-
tion iteration are present in either sink storage or mem-
ory. The central processing unit thus achieves data-flow
execution of sequential code. The code executed by the
invention consists of assignment statements and
branches, as those terms are understood in the art.

The invention provides for the decoupling of instruc-
tion execution from memory updates, by temporarily
storing results in the sink storage matrix and copying
data elements from sink storage to memory as a separate
process. This decoupling improves performance in two
ways: a) by itself, in that it has been established in the
prior art that decoupled memory accesses and instruc-
tion executions may be performed concurrently; and b)
by allowing branch prediction, in which it is possible to
conditionally execute multiple branches, and instruc-
tions past the branches, with no state restoration or
backtracking required if the branch prediction turns out
to be wrong.

BRIEF DESCRIPTION OF THE FIGURES

3
FIG. 1 is a block diagram of a computer system for

practicing the invention.

FIG. 2 is a block diagram of the central processing
unit of FIG. 1.

FI1G. 3 is a diagram of the instruction queue of FIG.
2

FIG. 4 is a diagram of the branch format in memory.

FIG. 5 is a diagram of the assignment instruction
format in memory.

FIG. 6 is a diagram of the instruction format in the
1Q.
FIG. 7 is a diagram of the relational matrices of FIG.
2.

FIG. 8 is a diagram of the basic machine cycle.

FIG. 9 is a diagram of two instructions and their data
dependency relationships.

FIGS. 9A-9C illustrate the conceptual arrangement
of dependency matrices.

FIG. 10 is a model of the nominal instruction execu-
tion order of the instructions in the instruction queue.

FIG. 11 illustrates the method for determining an
instruction’s source data, according to the invention.

FIG. 12 is a diagram of an Advanced Execution Ma-
trix illustrating the branch prediction technique.

FIG. 13 is an illustration of PD1 and PD2.

. 14 is an illustration of PD3.

FIG. 15 is an illustration of PD4.

. 16 is an illustration of PD5.

. 17 is an illustration of PD6.

. 18 is a diagram of nested forward branches.

. 19 is a diagram of statically later FB.

. 20 is a diagram of a statically later BB, SD
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FIG. 21 is a diagram of a statically later BB, enclos-
ing.
FIG. 22 is a diagram of a universal structural code
example.

FIG. 23 is a diagram of nested BBs.

FIG. 24 is a diagram of overlapped FBs.

FIG. 25 is a diagram of FB domain overlapped with
previous BB domain.

FIG. 26 is a diagram of BB domain overlapped with
previous FB domain.

FIG. 27 is a diagram of overlapped BBs.

FIG. 28 is a diagram of chained branches.

FIG. 29 is a diagram of multiply overlapped
branches.

FIG. 30 is an illustration of OOBFB.

FIG. 31 is a diagram of the multiple OOBFB execu-
tion truth-table.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

FIG. 1is a block diagram of a computer system 10 for
practicing the invention. At a high level, as seen by the
user and the user’s application programs, computer
system 10 comprises a main memory 12 for temporarily
storing data and instructions, a central processing unit
(cpu) 14 for fetching instructions and data from mem-
ory 12, for executing the instructions, and for storing
the results in memory 12, and an I/0 subsystem 186, for
permanent storage of data and instructions and for com-

30 municating with external devices and users. 1/0 subsys-
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tem 16 is connected to memory 12 and/or directly to
CPU 14. Memory 12 may include data and instruction
caches in addition to main storage.

FIG. 2 is a block diagram illustrating central process-

5 ing unit 14 at a more detailed level (transparent to user

applications). CPU 14 includes an instruction queue
(1Q) 18 for storing a sequential stream of instructions, a
loader 20 for decoding instructions from memory 12
and loading them into IQ 18, and a plurality of process-
ing elements (PEs) 22. The CPU of the present inven-
tion executes all code consisting of assignment state-
ments and/or branches. One or more instructions in IQ
18 are issued and executed (concurrently, when possi-
ble) by processing elements 22. Each processing ele-
ment has the functionality of an Arithmetic Logic Unit
(ALU) in that it may perform some instruction interpre-
tation and executes any non-branch instruction. Pro-
cessing elements 22 receive instruction operation codes
directly from IQ 18.

CPU M4 further comprises an interconnect switch 24
(typically a crossbar) and an internal data buffer
(shadow sink matrix) 26. Interconnect switch 24 re-
ceives operand addresses and immediate operands from
IQ 18 and couples data from the appropriate location to
a processing element. Instruction operand (source) data
may come from instruction contents (immediate oper-
ands), from memory 12, or from a buffer storage loca-
tion in internal cpu buffer 26. Instruction output (sink)
data is written into buffer 26 via interconnect 24.

CPU 14 further comprises an executable indepen-
dence calculator (EIC) 28, a resource dependency filter
30, a branch execution unit 32, relational matrices 34,
and memory update logic 36. Branch execution unit 32
includes execution matrices 38 for storing the dynamic
execution state of the instructions in IQ 18. Relational
matrices 34 are updated by the loader 20 whenever new
instructions are loaded, to indicate data dependencies,
procedural dependencies, and procedural (domain) re-
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iationships between instructions in IQ 18. Each execu-
tion cycle, executable independence calculator (EIC) 28
determines which instructions in IQ 18 are semantically
executably independent (and thus eligible for execu-
tion), using the information contained in the relational
matrices 34 and execution matrices 38. EIC 28 also
determines the location of source data (memory 12 or
internal cpu storage 26) for eligible instructions. The
vector of semantically independent instructions eligible
for execution is passed to the resource dependency filter
30, which reduces the vector according to the resources
available to produce a vector of executably independent
instructions. The vector of executably independent
instructions is sent to 1Q 18, gating the instructions to
the processing elements, and to branch execution unit
32. Resource dependency filter 30 updates execution
matrices 38 to reflect the execution of the executably
independent instructions. The execution of branch in-
structions by branch execution unit 32 also updates
execution matrices 38. Memory update logic 36 controls
the updating of memory 12 from internal CPU buffer
26, based on information from relational matrices 34 and
execution matrices 38.

An instruction is semantically executably indepen-
dent if all of the instructions on which it is semantically
dependent have executed, so as to allow the instruction
to execute and produce correct results. Semantic depen-
dence includes data dependence and procedural depen-
dence. Data dependencies arise due to instructions shar-
ing source (input) and sink (result) names (addresses) in
certain combinations. Procedural dependencies arise as
a result of branch instructions in the code. Data depen-
dencies are the principal concern of the present inven-
tion.

A system for determining procedural independence is
described in applicant’s co-pending commonly assigned
U.S. patent application “Improved Concurrent Com-
puter,” Ser. No. 807,941 filed Dec. 11, 1985, now aban-
doned, the disclosure of which is hereby incorporated
by reference. That system is modified as described
below for use in the preferred embodiment of the pres-
ent invention.

The equation determining semantically executable
independence is the same as in the original system ex-
cept, as modified, independence is calculated for each
iteration of every instruction. The component execut-
able independence equations are somewhat different,
however. The procedurally executable independence
calculations require new but similar hardware to that
used before; however, the IE (iteration enabled) logic
array is no longer used. Note that if IQ; is procedurally
dependent on 1Q;, 1Q; is a BB, and iteration i of IQ; is
being considered for execution, then AE;; through
AE;x must equal one (be virtually or really executed)
before 1Q;may execute in iteration k. In other words, all

iterations of the BB prior to and including that of 1Q;

eligible for execution, must have executed. This is to
ensure that the BB has fully executed before dependent
instructions execute; otherwise, the dependent instruc-
tions may execute while iterations of the BB are pend-
ing, leading to erroneous results.
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If 1Q;is a FB, with the other conditions the same, then -

only AE,k must equal one before IQ, may execute in
iteration k. The latter requires that the overlapped FB
procedural dependencies be separated from PBDE for
maxima! concurrency. Therefore assume that an
OFBDE (overlapped forward branch dependency)
matrix (like the other dependency matrices) holds the

65
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overlapped FB procedural dcpendencnes, in the same
elements as they were held in in PBDE. The matrix
PBDE holds the remaining dependencies originally
kept in PBDE; these procedural dependencies are only
on backward branches.
For the BBEI calculation, take:

AES, juwk= VAE 1

indicating if all instruction i iterations to the left of and
including column j have been executed.

The, for i=row(u):

For all u{1=u=nm,

BBEI, w (AES, (coku)— 1)+ ~ BBDO, Y mjm 1~ '(4-
ESj o)+ ~PBBDE; )

and

FBE},=|FBD ,+’,-,'—l(4 .,.,;(..,+~FBD.
#F lw,-l“ (AE},cox)+ ~OFBDE; ]

In words, an instruction is backward branch executa-
bly independent when: if it is BB, all previous iterations
have been executed; and regardless when: all BB proce-
dural dependencies have been resolved; any BB on
which the instruction is dependent must have executed
in all iterations up to and including that of u. An instruc-
tion is forward branch executably independent when
the FB procedural dependencies indicated by both the
forward branch domain matrix and the overlapped for-
ward branch dependency matrix are resolved; any FB
on which the instruction is dependent must only have
executed in the iteration of u(col(u)).

Execution of instructions in the preferred embodi-
ment of the present invention is complicated by the
presence of array accesses. Referring to Table 11, not
that I3 is data dependent on I3, and thus will not execute
until I; executes serially previously. But what if A(H)
and A(B) refer to the same location (or similarly A(F) is
the same as A(B)))? As presently formulated, the hard-
ware will not necessarily cause I to source from I,
since only array base addresses and array indices are
compared; the actual locations (the sum of the contents
of an array base address and an index) are not compared
(this is primarily a hardware cost constraint, although
timing is also important).

TABLE II

1. D—A(F)

2. A(B)—C
3. G—AH)

Therefore logic to maintain the proper dependencies
and allow the writing of shadow sink contents to mem-
ory at the right time is now developed. First, array
accesses (and in particular array writes) are considered;
at the end of the derivation the logic is generalized to
include all sink writes. All array reads are made from
memory. This can be avoided if O(n2m?) address com-
parators are provided to match array sources with array
sinks, the addresses of which are not known until exe-
cute time; in this case the dependencies with previous
array read instructions need not be made. The technique
uses much less hardware and is more practical; no com-
parators are used (for a similar execute-time function).

The logic for write array sink enable (WASE) is now
derived. There is one WASE element for each AE
element. During each cycle, if WASE, =1, then SSI, is
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to be written into memory. The WASE logic checks for
the appropriate data dependencies (real or potential, as
described above) amongst array accesses. Note that for

a given WASE,, the serially previous array reads that
must be checked for resolved data dependencies are 5
those for which serially later data dependencies hold.
Therefore the following data dependency matrix is
needed:

DD*=[DD!+DD?7 10
The “T” superscript indicates the normal matrix trans-
pose operation. Its purpose here is to convert the nor-
mally serially data dependencies to serially later data
dependencies.

Now, for 1=u=nm,

WASE, =1 iff [instruction u has been really executed
and has not yet been stored ] [for all previous
ARWI;instructions that are dependent on instruction u,
WASE;=1 (their sinks are being written in the current
cycle) or AST;=1 (their sinks have effectively been
written)]  [for all previous ARRI;instructions that are
data dependent on instruction u, AE;=1 (they have
effectively been executed)].

Take A, B, and C to be defined as follows (in the
above definition of WASE, A corresponds to the first
two terms, B corresponds to most of the second term,
and C corresponds to the last term):

15

20

25

Ay= ~ASTRE,, (note RE,=AE, ~ VE,) 30
By= ~ AR Wi+ ~ DD rors) romu) + ASTs,
Cs= ~ARRI;+ ~ DD ponss) row(u) + AEs.
s
Then:
WASE, = A, 7 7 \{[B; + WASE]- C}
40

= Ay w2 S1BC, + WASECS)

It is desired to make WASE, independent of serially
previous values, i.e., WASE;. Therefore various WASE
values are not computed to derive WASE, logic inde- 44
pendent of WASE; (s<u) Briefly, a form of WASE,
independent of WASE; is inductively proven to be
valid.

The induction is anchored as follows:

WASE) = A)
WASE; = A2(B1C| + A|C)) = A2C(B) + A))
WASE; = A3(BiC1 + A1C)[B:0; + (A2(B1Cy + A1C1)CY))
= Ay{B1B:C1Cy + A2B1C1C1 + B1AxA1C1C2 +
AB1C1Cy + AiA2B1C1C2 + AA2C1Cr)
w A1C1C2{B 1By + BiA1 + A1 A28 + A\B2 +
AyA2B) + AAy)
= A3CiC2{BiBy + BiAz 4+ Bady + 142}
= A3C1C{A) + B\NAz + BY)

55

The inductive premise is now asserted:
WASE;=Aewim 1~ {ChAi+ B))

Using the original logic for WASE,, it is not shown that

the premise implies a similar relation for u>s. "

,s,‘{w, + WASE]) - C;)

WASE, = A
. ,-‘l(CI(AP + BYH) - Cs}

= Ay - v,_, Y1Bs + (A5
= Ay - 7;:] {[(B,

-continued

ANB; + w2\ {ChA, + BYD] - G}

Expanding the product series terms gives:

WASE, = Ay - Cy—1(By—) + Ay—1)Bu—1 +
(Cu—2Ay—2 + By DHCu—3Adu-3 +
B,.3). }) [Co—oBu—2 + Ay-DNBu-2 +
Cy— S(AU-S + Bu—!)cu—d(t‘u—l +
By a)...)-.

The B,_ term and the terms in [ ] and { } are now
combined. Calling B, 1 “d”, the terms in [ ] “a”, the
term in { } “c”, gives an equation of the form:

WASE,=. .. {d+ack-. . .

which reduces to:

WASE,=a(d+c) . . .
Substituting, this is:

WASE, = Ay - Cy—1(By—) + Ay Cu_2oBu-2 +
Ay By-1 + {Cu_3(Au—3 +
By—3) ... D (Bu—2 + Cu—3(Ay—3 +
By 3)Cy—tAu—a + By—4}...)-
Cu— 3(8u-3 + Au-3)(Bu 3) +
[Py QR ) AN

Combining the remaining terms similarly gives logic
of the form:

WASEy=Aulmse1*~ \CAs+ B)[ms=1¥™ 18]

but the last product series is covered by the first series;
therefore:

WASE,=Aylms 1~ ChAs+ By

and the induction is proven.
Substituting for A, B, and C and simplifying gives:
For all u|1=Su=nm,

WASE,= ~ASTyRE 7= 1"~ {[~ARRI;+ ~D-

Drow(s), m-(v)"" Eg
[REs+ ~ ARWI;+ ~DDrow(s),rontu)’ + ASTi]}

A slight digression is now made to introduce a new
vector, BV, derived from the b-element, determined as
follows:

dim(BV)=m
b=2AB¥V=110000000

b=f—BV=(#1'5)00000

This may be implemented easily with a shift register,
shifting right or left as the b-element is incremented or
decremented (respectively).

The WASE logic is now generalized to accommo-
date all sink writes, not only array writes. The new
logic is called write sink enable (WSE), and is given by:
For all w/1=u=nm,

WSE, = ~ASTyAE, ~ VEu BV eoluyTse 1™
- ~DD,M:i row(u)* + AEJAE s+ ~ DDrow(sy
so(u)’ + AST]
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The BV term in the above equation allows only valid
sinks to be written, not those to the right of the column
indicated by the b-clement.

Array accesses are restrictive in the modified system,
but not to the same degree as in the original system. In
the implementation of the modified system, data depen-
dency relation 3 (common sink) type array accesses may
be executed concurrently, due to the presence of multi-
ple sink copies (shadow sinks). However, since all array
reads must be of necessity be made from memory, rela-
tion 1 and 2 type array accesses may not execute con-
currently. In other words, any array accesses involving
one or more array reads must be sequentialized; other-
wise (with only array writes taking place) the accesses
may proceed concurrently.

Referring to FIG. 3, a diagram of instruction queue
Q) 18 is shown. IQ 18 comprises a plurality of shift
registers. Instructions enter at the bottom and are
shifted up, into lower numbered rows, as new instruc-
tions are shifted in and the upper instructions are shifted
out. The order of instructions in the queue (from lower
numbered rows to higher numbered rows) corresponds
to the statically-ordered program sequence, e.g., the
order of the code as exists in memory. The static order
is independent of the control-flow of the code, i.e., it
does not change when a branch is taken. Any necessary
decoding of instructions is performed relatively stati-
cally, one instruction at a time, as an instruction is
loaded. Each row i of 1Q 18 holds the code data corre-
sponding to instruction i, including the operation code-
(opcode) and operand identifiers, and the jump destina-
tion address if the instruction is a branch. 1Q 18 holds n
instructions; it may be large enough to hold an entire
program, or it may hold a portion of a program. The
instructions in IQ 18 are accessed in paraliel via lines 19.

The formats of branch and assignment instructions
are shown in FIG. 4 and FIG. 5. The fields are: OP
{opcode); TA (target address); A (sink name); B (vari-
able name which describes the condition for branches
or source 1 for assignment instructions); and C (source
2 name). The addresses need only be partially specified
in the memory, e.g., the TA field may actually contain
a relative offset to the actual target address.

An actual instruction set may contain more informa-
tion in a given machine instruction format, such as more
sources or sinks. This is feasible as long as the extra
hardware needed to perform the more complex data
dependency checks is included in the semantic depen-
dency calculator. The above formats are proposed as an
example of a typical encoding only.

The format of all instructions in the IQ is shown in
FIG. 6. The fields are: IA (instruction address); OP
(opcode, possibly decoded); AA (sink address); BA
(source 1 address); CA (source 2 address); flags (AF,
valid sink address flag; BF, valid source 1 address flag;
CF, valid source 2 address flag); and TA (target ad-
dress). All addresses are assumed to be absolute ad-
dresses. The flags need only be one bit indicators, when
equal to 1 implying a valid address. Their primary use is
to allow either addresses or immediate operands to be
held in the same storage; they are also set when an
address field is not used, e.g., in branch instructions.
One or more fields may not be relevant to a particular
instruction; in this case they contain 0.

Returning to FIG. 2, loader 20 includes logic cir-
cuitry capable of constructing the relational matrices 34
concurrently with the loading of instructions into 1Q 18.
As an instruction is loaded into 1Q 18, the instruction is
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10
compared (concurrently) with each instruction ahead of
it in 1Q 18, and the results are signalled to the relational
matrices.

Each relational matrix is an array of storage elements
containing binary values indicating the existence or
non-existence of a data dependency, a procedural de-
pendency or a domain relation between each of the n
instructions in 1Q 18. Each relational matrix can be
triangular in shape, because the relationships are either
unidirectional or reflexive. A seen in FIG. 7, each rela-
tional matrix preferably comprises n diagonal shift reg-
isters. This implementation aids loading of the matrices
in that every time a new instruction is loaded into IQ 18,
the new column of relationships is shifted in from the
right and the existing columns shift one column to the
left and one row upward, into proper position for future
accesses. The top row, corresponding to the top instruc-
tion in IQ, is retired.

After the initial loading of the 1Q and the relational
matrices, loads can occur simultaneous with execution
cycles. (The basic machine cycle of the preferred em-
bodiment is described in detail in Table IIL.

TABLE III

1. loading the IQ
a. determination of absolute addresses
b. calculation of semantic dependencies and branch
domains
¢. partial or full decoding of machine instructions
2. Concurrency determination
a. determination of a set of instructions eligible for
issuing (execution) in the current cycle, assuming
infinite resources (e.g., processing element); this is
the semantically executable independent instruc-
tions’ calculation
b. if necessary, reducing the said set of instructions to
a subset to match the resources available; this is the
executably independent instrutions’ calculation
3. parallel execution of said subset of instructions
4. AE, b update
5. GOTO 1.

Note that actions 2 and 4 may be overlapped with
action 3. Action 1 may be pipelined, and in many cases
will not need to be performed every cycle, e.g., when
entire loop(s) are held in the 1Q. Actions 2 and 4 must be
performed sequentially to keep the hardware cost
down. Hence their delays contribute to a probable criti-
cal path, and should therefore be minimized. See FIG. 8
for typical timing diagrams of the basic cycle, both with
and without 1Q loads.

In FIG. 8, each LOAD time corresponds to loading
one instruction into the IQ, accomplishing the opera-
tions in action 1 (see Table III). Each EXECUTION
CYCLE consists of the following sequential actions: 2a,
2b, 4. The assignment instructions found to be executa-
bly independent after action 2b are sent to processing
elements at time A. The assignment instructions’ execu-
tions are overlapped both with action 4 of the current
execution cycle, and either actions 2a and 2b of the next
execution cycle or, alternatively, following load cycles,
if they occur. At time B either another execution cycle
begins (see the top time-line in FIG. 8), or new instruc-
tions are loaded into the IQ (see the bottom time-line).
The basic cycle repeats indefinitely.

Relational matrices 34 include domain matrices and
procedural dependency matrices, such as those de-
scribed in co-pending application Ser. No. 807,941, and
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data dependency matrices. The data dependency matri-
ces of this embodiment will now be described. Refer-
ring to FIG. 9, the operand portions of two instructions
48 and 50 and the five possible data dependencies 51-55
are shown. (Instructions are shown with two sources
and one sink.) Instruction 48 is previous to instruction
50 in 1Q 18. For each pair of instructions in 1Q 18, the
five possible data dependencies are evaluated by com-
paring pairs of addresses. Each comparison determines
an element in a binary upper triangular half matrix
wherein each column indicates all of an instruction’s
data dependencies of a specific type (51-55) with re-
spect 1o preceding instructions in the IQ. These matri-
ces are, conveniently arranged as shown in FIG.
9A-9C, where DD1 combines source 1-sink dependen-
cies (types 52 and 54 in FIG. 9), and DD2 combines
source 2-sink dependencies (types 53 and 55 in FIG. 9),
and DD3 includes type 51 sink-sink dependencies. All
lower triangular matrices have been rotated about their
diagonals from their original positions.

The data dependencies illustrated in FIG. 9 are the
full set of data interrelationships between instructions
which can affect concurrency extraction, correspond-
ing to the three types shown and described with refer-
ence to Table L. If an instruction’s source is a previous
instruction’s sink (dependencies 54 and 55, correspond-
ing to type 1 in Table I), then the later instruction can-
not execute until the previous instruction has executed.
If an instruction’s sink is a previous instruction’s source
(dependencies 52 and 53, corresponding to type 2 in
Table I),then the later instruction can execute first if
(and only if) such execution does not prevent the earlier
instruction from having access to its source operand
value as it exists before execution of the later instruc-
tion. As will be shown, the present invention provides
for such access by providing multiple copies of sink
variables in the internal cpu buffer (the SSI matrix,
described in detail below). However, when multiple
iterations are considered, each instruction is both seri-
ally prior to and serially later than the instructions pre-
ceding it in the static IQ; it is therefore necessary to take
type 2 data dependencies into consideration. For exam-
ple, if there is a type 2 relationship (e.g., dependency 52)
between instructions 48 and 50, then iteration x+1 of
instruction 48 cannot execute before iteration x of in-
struction 50, because iteration x of instruction 50 calcu-
lates a source for iteration x+1 of instruction 48. How-
ever, the type 2 relationship does not itself preclude
iteration x of instruction 50 from executing before itera-
tion x of instruction 48, because the SSI matrix contains
multiple copies of instruction 2’s sink variable (one per
iteration). Thus, in the combined (dependency 52 and
$4) matrix of FIG. 9A, column j indicates both types of
relations for instruction j—type 1 for instructions pre-
ceding instruction j in the 1Q and type 2 for instructions
succeeding instruction j in the IQ. Further, the diagonal
indicates that an instruction in a given iteration can be
data dependent on the same instruction in a previous
iteration (e.g., instruction z=z+1). As will also be
shown below, the type 3 sink-sink dependencies of DD3
are only needed for array accesses.

Although this embodiment comprises data depen-
dency matrices DD1, DD2, and DD3 for instructions
having two sources and one sink, it will be understood
that the invention can accommodate instructions with
more sources and sinks. According to the invention, the
data dependencies for each source in each instruction
are separately accessible.

25

30

40

45

55

60

65

12

Internal cpu buffer 14 (FIG. 2) is referred to as the
shadow sink (SSI) matrix. The shadow sink matrix is an
nXm matrix, where n is an implementation-dependent
variable indicating the number of instructions in the 1Q
and m is an implementation-dependent variable indicat-
ing the total number of iterations being considered for
execution. Each element of the SSI matrix is typically
the size of an architectural machine register, i.e., large
enough to hold a variable’s value. SSI(ij) is loaded with
the sink (result) value of an assignment instruction i (the
ith instruction in 1Q) having executed in iteration j.

Variables’ values are held in SSI at least until they
have been copied to memory. Values in SSI may be
used as source variables for data dependent instructions.
Since there are multiple copies of variables in SSI,
“shadow effects” can be avoided; that is, if an instruc-
tion’s sink variable is a source variable for a previous
instruction in the IQ (e.g., Type 2 dependency in Table
I), iteration x of the later instruction can execute before,
or concurrently with, iteration x of the earlier instruc-
tion. The earlier instruction is given access to its source
variable (in SSI) as it exists before execution of the later
instruction, e.g., in iteration x—1. Similarly, two in-
structions can write the same sink variable to SSI (e.g.,
Type 3 dependency in Table I), allowing instructions
with common sinks to execute concurrently.

Referring to FIG. 10, a model of the nominal execu-
tion order of instructions in the IQ is shown. Each row
represents an instruction in the IQ and each column
represents an iteration. The directed line L shows the
nominal, or serial, order of execution of the sequentially
biased code in the IQ. Instructions execute in this order
when dependencies force instructions to be executed
one at a time. Instruction R in iteration C uses as its
source a sink generated previously and residing in either
main memory or in SSI. The instruction iteration gener-
ating the previous sink is somewhere serially previous
to instruction iteration R,C along line P. The particular
SSI word to be used is determined by both the data
dependencies and the execution state of the relevant
instructions. The execution state is contained in the
execution matrices.

The execution matrices (FIG. 2, 38) will now be
described. There are two execution matrices: the real
execution (RE) matrix and the virtual execution (VE)
matrix. Each matrix is an n X m binary matrix, where n
is the number of instructions in the IQ and m is the
number of iterations under consideration. The RE ma-
trix indicates whether a particular iteration j of instruc-
tion i has been really executed. An iteration really exe-
cutes if ,for an assignment statement, an assignment has
really occurred, or for a branch statement, a conditional
has been really evaluated and a branch decision made.
In this embodiment, RE(i,j) equals 1 if IQ(i) has been
executed in iteration j, else RE(i,j)=0. The VE matrix
indicates whether an iteration of an instruction has been
“virtually” executed; an instruction is virtually exe-
cuted when it is disabled (branched around) as a result
of the true execution of & branch instruction. In this
embodiment, VE(i,j) equals 1 if IQ(i) has been virtually
executed in iteration j, else VE(,j)=0. The execution
matrices are updated by the resource dependency filter
after it determines which semantically executably inde-
pendent instructions are to be executed, or by the
branch execution unit when branch instructions are
executed. When new instructions are loaded into the
1Q, the execution matrices are updated by shifting each
row up and initializing a new bottom row.
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Associated with the execution matrices is a register
called the b-element register. The b-element is an inte-
ger indicating the total number of iterations that each
instruction in the instruction queue is to execute (really
or virtually). The b-element is incremented when a
backward branch executes true (enabling a new itera-
tion for execution). When all of the instructions in an
iteration have been executed, the column is retired from
the execution matrices (by shifting higher number col-
umns to the left and initializing a new column of zeroes
on the right) and the b-element is decremented. The
b-vector (BV) is an ordered set of m (where m is the
width of the execution matrices) binary elements de-
rived from the b-element; the first n elements of the
b-vector equal 1, and all other elements are zeroes. The
b-vector is implemented with a shift register and is used
in certain calculations described below.

The data independence calculations can now be de-
scribed. In the following description, the execution
matrices, the data dependency matrices, and the other
two-dimensional matrices will be considered as one
dimensional vectors of length n ®* m, with the elements
ordered in column-major fashion, as shown by line L in
FIG. 10. The formal mappings for deriving a serial
index for an n X m matrix M are:

For all s|1 =s=nm, M,—M,, s=i+({—Dn

For all (i,j)|(1=i=n, 1=j=m), M;;=M;; i=row(s),
j=col(s)
where:

row(x)=1+[(x— DREMAINDER(n)];
this is the row index of x
col(x)=1=[(x— DINTEGERDIVIDE(n));

this is the column index of x.

The executable independence calculator (28, FIG 2)
uses execution matrices RE and VE, and data depen-
dency matrices DD1, DD2, and DD3 to determine, for
each instruction in 1Q, which iterations of that instruc-
tion are data executably independent in this execution
cycle. This determination is made concurrently, in logic
circuitry, for each instruction iteration, i.e., for each
iteration (1 thru m) of each instruction (1 thru n) in IQ.
More than one iteration of an instruction may execute in
a cycle, and one instruction may execute in one iteration
while another instruction is executing in another itera-
tion.

Data independence is established when all inputs
(sources) are available for an instruction. If all sources
are available, then the sources are linked to a processing
clement for execution of the instruction. A source for an
instruction iteration may be available either in SSI or in
memory.

Referring to FIG. 7, if instruction iteration u (itera-
tion j of instruction IQ(i)) is under consideration for
execution, then one or none of the instruction iterations
serially previous to u (indicated by the larger circles)
may supply a sink to be used as a source by u. Looking
back along line S, the SSI element needed for execution
of instruction iteration u is the first element SSI(t) (cor-
responding to iteration 1 of instruction IQ(k)) which is
data dependent (source(i)=sink(k)) with IQ(i), where
instruction iteration (k,]) has really executed, and all
intervening data dependent instructions have been vir-
tually executed.

If a source for an instruction iteration is available in
SSI (as the sink of a previously executed instruction
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iteration) one sink enable line (SEN) is enabled by the
executable independence calculator. There are nm sets
of less than nm output SEN lines (29, FIG. 2) each, one
set per source per IQ instruction iteration, each line of
which potentially enables (connects) a serially previous
sink to the instruction iteration’s source input. These
lines are implemented using the following equation:
For all(u,t,z,)|t<u,

SEN, ;% = RE DD ow(t) romsi) e AE % sm 14 14~ YD~
Dpouqs),romu)’ + VEy)

where
where u is the serial index to the IQ instruction itera-
tion (i,j) under consideration for execution;
t indicates the serial SSI element under consideration
for linking to an input of u;
z is the source element index for instruction i; and

AE=VE+RE (Actual Execution= Virtual
Execution OR Real Execution);

This equation indicates that SSI(t) may be used by
instruction IQ@) in iteration j if: (1) SSI(t) has been
generated (RE(t)=1) and (2) it is required as a source to
instruction IQ(i) in iteration j (indicated by the presence
of the data dependency (DD) matrix term) and (3) in-
struction iteration u has not been executed (indicated by
the AE(u) term); and (4) there is no serially later sink
SSI(s) that should be used as the z source for instruction
IQ(i) in iteration j (indicated by the product term). The
product term ensures that for each u,z combination at
most one SEN is enabled (equal to 1). For a sink t to be
used as a source o instruction iteration u, all SSI ele-
ments between t and u must correspond to instruction
iterations which are either data independent of u or
virtually executed (disabled). If an SSI element between
t and u corresponds to an instruction that is data depen-
dent on u and really executed, then that SSI clement is
potentially the one to use as a source for instruction
iteration u; if it is data dependent and not executed at all
{either virtually or really) than it is too early to use
SSI(t).

If no SEN line is enabled, then either the source is not
in 88, i.e, it is in memory, or the source has not yet
been produced. A source is taken from storage if for all
serially previous iterations, no valid sink exists in SSIL
This is determined according to the following equation:

For all u|(u is the serial index of 1Q),
SFSy =7 5m1Y~ (DD rom(s). romu) + VES

This equation is the same basic product series term as
the SEN equation, but performed once over all itera-
tions serially prior to u. SFS equals 1 if all instructions
prior to u are either data independent of u or virtually
executed (VE=1). In this case, the source is obtained
from memory, using the address in IQ.

EIC 28 therefore implements the following equation
for determining data executable independence (DDEI)

For all ujl SeSem,
DDEL, =712 1{SFS; s+ Z;= 18~ 1SEN; ;"]

This means that instruction iteration u is data executa-
bly independent if either its source(s) is in memory or
one SSI element is set (i.e., a valid sink exists in SSI).
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The reduction of data dependencies through the im-
plementation of the sink storage matrix and the calcula-
tion of DDEI, SEN, and SFS, are thus rendered feasible
by the implementation of the particular execution matri-
ces (VE and RE) and data dependency matrices (DDz,
where z is a source variable) described hereinabove.
These matrices and the logic circuitry for the calcula-
tions can be implemented at reasonable cost by those of
ordinary skill in the art, whereby the data independence
determination and the enabling of SEN lines can be
performed with a high degree of concurrency.

EIC 28 determines procedural independence concur-
rently with the determination of data independence. In
this embodiment, the procedural independence calcula-
tions and hardware implementation are similar to the
embodiment described in copending commonly as-
signed patent application Ser. No. 807,941, with certain
modifications to accommodate the new data indepen-
dence calculations described herein.

Besides the modification described previously, modi-
fication must be made to the out-of-bounds branches
and executable independence calculations.

The OOBBBEI (out-of-bounds backward branch
executably independent indicator) and OQOBBBEN
(out-of-bounds backward branch enable: indicates if an
instruction is below an unexecuted OOBB and thus
should be kept from fully executing) hardware remains
the same. IFE (instruction fully executed) and IAFE
(instruction almost fully executed) are calculated by the
following logic:

BVLS=BV left shifted by one bit, i=row(u),

j=col(u)

For all i|1=i=n,

IFE;=EQ(AE;+, BVLSs), each vector is taken as
an integer for the equal calculation

IAFE;= ~GT(AE)s, BVLSs), each vector is
taken as an integer for the greater than calcula-
tion; GT(x,y)=1iff x>y, GT(x,y)=0 otherwise.

BBI; are the backward branch indicators, and are
defined as follows:

BBIl; =a iff 1Q; is a backward branch.

EXSTATY is the execution status indicator for in-
struction 1Q;, and for the purposes of this implementa-
tion is given by:

For all u|1=u=nm,

EXSTAT,=(OOBBBENPDSAEVE +(IFE.B-
Bl))+(~OOBBBENMIAFE;+ ~BVLS))

The EXSTAT logic keeps instructions from execut-
ing more iterations than they should, i.e., normally less
than or equal to about b iterations, except when an
instruction is super-advanced executing. Not included
in the equation is logic to prevent instructions from
executing in iteration m when b<m; this logic is
straightforward, and may be derived from the BV vec-
tor and a similar m-based vector. The PDSAEVE indi-
cator ensures that only instruction interactions for
which PDSAEVE=0 are allowed to execute. The
PDSAEVE, term may also be OR’d with the entire
EXSTAT equation.

SEI (semantically executable independence) is now
for all nm serial iterations:

For all u|1=u=nm,

SEl,= DDEI,BBEl,FBEl,OOBBBEI pouuy ~ EX-
STAT,
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SEI, =1 iff serial instruction iteration u will execute
in the current execution cycle, ignoring resource depen-
dencies.

The TAEN (target address enable) logic becomes:
given:

BEXSy is the branch execution sign (=0 for False,
=1 for True) of instruction iteration k.

FBDy . is 1 iff IQx is an OOBFB (out-of-bounds for-
ward branch). then:

For all i|1=i=n,

TAEN = FBD; {21 m0®~ {El; 4 kn-BEX-
Si 4 kn)}- {'r{ 1"~ [~ FBD;
+Tkmt® H~Eljrin+ “BEX;kn+ AEji4 DI}

The logic causes a target address to be cnabled to be
used from instruction IQ;if the instruction is an out-of-
bounds forward branch executing true in the current
cycle, and all statically previous out-of-bounds forward
branches either are not executing, or are executing false,
in the current cycle.

The UPIN (AE update inhibit) logic becomes:

For all u|1=u=nm,

UPIN, = BEXS,FBD powui) -l ~ BV coliu) + Za=1"
(~Ely+ ~AEs+ {BEXSrFBDMs) ni

This logic inhibits an out-of-bounds forward branch
from executing if any serially previous instruction either
is not executing in the current cycle (indicated by the EI
term), or has not really or virtually executed in a previ-
ous cycle (indicated by the AE term), or a statically
previous out-of-bounds forward branch is executing
true in the current cycle (as indicated by the term in
{m=). The logic allows multiple out-of-bounds forward
branches to execute in the same cycle, as long as only
one :xecutes true.

FIG. 28 realizes minimal semantic dependencies for
code containing addresses known at Instruction Queue
load time, with the minor exceptions glvc in the section
or theory. When this embodiment is used with fully
dynamic data dependency calculators, it achieves mini-
mal semantic dependencies overall, with the minor
exceptions given in the theory section. It will be under-
stood, however, that other methods and systems for
determining procedural independence may be used with
the data independence calculations described herein and
the teachings of the present invention. It will be further
understood that the separation of the data independence
calculation from the procedural independence calcula-
tion is an advantageous feature of this invention.

The logic for writing SSI variables to memory will
now be described. The memory updates are advanta-
geously decoupled from the execution of instructions.
This decoupling improves performance and also allows
for zero-time-penalty branch prediction, as will be de-
scribed below. Memory update logic (36, FIG. 2), in-
cludes the Instruction Sink Address matrix (ISA), the
Advanced Storage Matrix (AST) and the Write Sink
Enable (WSE) logic.

The instruction sink address matrix (ISA) is of the
same dimensions as the SSI matrix and stores the mem-
ory address of each SSI element. ISA(,j) holds the
memory address of SSI(i,j). For scalars (non-array
writes), ISA(i,*)=AA(i), where AA is the address of
operand A (held in IQ). For array write instructions,
ISA is determined for each iteration at run time.

The AST matrix is a binary matrix with the same
dimensions as the SS] matrix. AST(,j) is set to one if
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either VE(,j) is 1 or SSI(i,j) has been written to mem-
ory. Thus AST(i,j) equals one if SSI(i,j) has been really
or virtually stored.

Every cycle, each eligible SSI value is written to
memory at the location pointed to by the contents of the
corresponding ISA element. Eligibility is determined
by the WSE logic. The WSE logic implements the
following equation:

For all |ul=u=nm,

WSE.‘ = AS Tu‘AEﬂ‘ VEu‘E Vwku)"’"
s=1"~, ' UDDrowts\rowy* + AEHAEs+ DDyowts)
rowuy} + AST])

SSI(u) is written to memory (WSE =1) if the follow-
ing conditions are met:

1) Instruction iteration u has really executed (RE-
{(u)=1), and SSI{u) has not been written to storage
(AST(u) not=1), and this iteration has been enabled
(b-element greater than or equal to col(u)); and

2) For all instruction iterations serially prior to u, all
instructions that are data dependent on instruction u
have executed (AE=1). The data dependency referred
to here is DD4, where DD4=(DD1+DD2)7, i.e the
transpose of the combined DD1 and DD2 matrices.
Thus, all serially previous instructions having a source
which is the sink variable under consideration for writ-
ing must have executed (really or virtually); and

3) For all instruction iterations serially prior to u, all
instructions that write the same sink variable as instruc-
tion u (type 3 data dependencies, stored in DD3) have
either executed (AE=1) or have already been written
to memory (AST=1).

An instruction iteration is said to execute absolutely if
it is executed only once, i.e., it is not re-evaluated, re-
gardless of the final control-flow of the code.

The inclusion of the B-vector in the WSE logic al-
lows only valid sinks to be written (those sinks whose
iterations have been enabled), not those to the right of
the column indicated by the b-element. This means that
branch prediction techniques can be used to absolutely
execute code beyond branches, ahead of time as de-
scribed below; sinks generated by such execution will
be written to SSI, but will not be written to memory
unless and until the predicted branch is actually exe-
cuted. In other words, iterations may be executed be-
fore it is known that they will be needed. A unique
feature of this invention is that no time penalty is in-
curred if a branch prediction turns out to be wrong.

In this embodiment, the following form of branch
prediction is used: Instructions within an innermost
loop assume that the backward branch comprising the
loop will always execute true. Thus, such backward
branches are, in effect, conditionally executed. The
instructions within the inner loops are therefore al-
lowed to execute absolutely up to m iterations ahead of
time, where m is the width of the execution matrices.
Thus, forward branches within the inner loop may also
execute absolutely ahead of time in future (unenabled)
iterations. Therefore, both forward and backward
branches may be executed ahead of time. A novel fea-
ture of the present invention is that both forward
branch and other instructions within an inner loop may
be executed absolutely ahead of time (in future itera-
tions), while eliminating state restoration and back-
tracking, thereby improving performance.

Referring to FIG. 12, b=3, and therefore normally
only those instruction’s iterations in columns 1-3 (indi-
cated by Xs and Ts) are allowed to execute absolutely.
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(Indeed, they must execute for correct results.) The
instruction iterations (indicated by Ss) to the right of
column 3 (to the right of the b pointer) and within the
inner loop are now also allowed to execute. This is
possible by considering the instruction iterations indi-
cated by Vs to be virtually executed. An SAEVE ma-
trix indicates those instruction iterations considered to
be virtually executed for this limited purpose. The in-
structions in the T region are also considered to be
virtually executed by instruction iterations in the S
region. This is so that T sinks are not used as inputs to
S instruction iterations. Otherwise, T instruction itera-
tions mre allowed to execute as normal X instruction
iterations. Instruction iterations in the S region thus
execute ahead of time, absolutely (with the minor ex-
ception given in the SAE section), writing to the SSI
matrix. However, the sink is not copied to memory at
Jeast until the instruction iteration becomes an X in-
struction iteration. This can occur oniy upon the inner
loop’s backward branch executing true.

This branch prediction technique is a direct result of
the decoupling of instruction execution and memory
updating taught by the present invention. Very little
additional cost (in hardware or performance penalty) is
incurred by implementing this branch prediction tech-
nique because: a) the WSE logic and the SSI, ISA, and
AST matrices are already in place; and b) no state resto-
ration or backtracking is needed in the event that the
branch does not execute tue.

A later section discusses implementation details of
this branch prediction technique (called “Super Ad-
vanced Execution” (SAE)).

It will be understood that the embodiment described
hereinabove assumes that all source and sink addresses
are known at the time instructions are loaded into IQ
and the data dependency matrices are calculated. The
logic can be expanded to handle array accesses or indi-
rect accesses, where addresses are calculated at execu-
tion time, e.g., from an array base address and an index
value. One possible approach is to compare calculated
array read (source) addresses to sink addresses stored in
ISA, to match array sources with array sinks stored in
SSI. This requires a large number of comparators, and it
is therefore preferred to force all array reads to be done
from memory (not from SSI).

Including array accesses, the logic for SEN becomes:

For all(u,t,2)|{(t<y, 1=2=2),

SEN %= RE¢DDyowts),rore(u)> A B ARWIr T3 .
+19 (DD ou(s),row(u)* + VEs+ARWI)

where ARWI(i)=1 if instruction i is an array write
instruction.

The inclusion of the ARWI terms has the following
effects: 1) ARWI(t) ensures that no array write instruc-
tion is used as a sink to a serially later source (all array
reads are from memory); and 2) ARWI(s) ensures that
array writes do not inhibit other assignments from being
used as inputs.

With sarray accesses, there are effectively three
sources to an instruction, the normal two (B,C) appear-
ing on the right hand side of the assignment relation,
and that for A, when A specifies the name of an array
base address for array write instructions. A must be read
to obtain the base address of the array before the array
element can be written; therefore A is also a source and
a sink enable (SEN) computation must be made to en-
sure that it is linked to the proper sink. When a third



5,201,057

19
source is implied (array write instructions) the SEN
logic for z=3 is:
For all(u,t,z)|(t <u,z=13),

SEN, %= RErDD rowity rossuy* AEy ARWIr ARWI-
wPsm 415~ {DDrowis) rowiuy* + VEs+ ARWI,)

The inclusion of ARWI(u) ensures that A (the first
operand specifier, normally a sink) is only used as a
source if the instruction is an array write instruction.

The modified (SFS) source from storage logic is:

For all(u,z) |(u is the serial index of IQ;,1 22=2),

SFSy=msmi¥™ 1(DDrmv(:).mw(u)’+ VE;+ARWI)

For the sink, the logic is:
For all(u,z)|(u is the serial index of 1Q;,z=3),

SFS,:=ARWI, + W5 ¥~ l(DD,,..(,)‘,,,(.,)'+ VE-
s+ARWI)

The modified Data Dependency Executable Inde-
pendence (DDEI) indicators are:
For all u{1=u=nm,

DDEI,=m,
= )[SFS, 1+ Z5m 1Y~ ISEN; MM ARRIromiuy + 75
= 1¥ AR Wlro(s)+ Z 32 1D Do), rowiuy’”
+ASTY))

DDEI is now checked for all sources, including z=3,
and the largest bracketed term ensures that if instruction
u is an array read instruction, all previous array writes
to the specified array have been stored in memory.
ARRI(i)=1 if instruction i is an array read instruction.

Since all array reads are from memory, and not SSI,
array accesses involving both an array read and an
array write to the same array must be sequentialized;
otherwise, with only array reads or only array writes
taking place, the accesses may proceed concurrently.

With this exception, and those in the theory section,
this embodiment achieves minimal semantic dependen-
cies of all code consisting of assignment statements and
branches.

In summary, the preferred embodiment of the present
invention provides an improved method and apparatus
for extracting low level concurrency from sequential
instruction streams to achieve greatly reduced semantic
dependencies, as well as allowing absolute execution of
instructions dynamically past conditionally executed
backward branches. All or part of the invention can be
implemented in software, but the preferred embodiment
is in hardware to maximize the overall concurrency of
the machine. The design of logic circuitry for imple-
menting all of the equations presented herein is well
within the capability of those of ordinary skill in the art
of digital logic design. Theoretical background (includ-
ing derivations of the equations presented herein) is
provided along with execution examples and additional
implementation details.

A computer program source code listing in the “C”
language for simulating the system described in the
foregoing description of the preferred embodiment is
provided herewith as Appendix 1. A brief description of
the simulator program of Appendix 1 is given below.

Although the invention has been described in terms
of a preferred embodiment, it will be understood that
many modifications may be made to this embodiment
by those skilled in the art without departing from the
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true spirit and scope of the invention. The scope of the
invention may be determined by the appended claims.

THEORY

The following items enumerate the procedural de-
pendencies (PD) of instruction i on instruction j for
non-trivial sequentially-biased code. Note that state-
ments 1-6 (labelled PD 1-6) are only concerned with
the present iteration of instruction i. Statement 7 (la-
beled PD 7) is only concerned with future iterations of
instruction i. The notation IQx (k is either i or j) indi-
cates instruction k in the Instruction Queue. For the
general case, take the Instruction queue length to be
infinite. These procedural dependencies hold for any
scction of static code.

1. JQ;is an As in the domain of FB 1Q; see FIG. 13.

2. IQ;is a BB in the domain of FB IQ; see FIG. 13.

3. 1Q;is an FB in the domain of FB 1Q;and the two
FBs are overlapped; see FIG. 14; this procedural
dependency is only essential for unstructured code;
note that non-overlapped FBs are completely pro-
cedurally independent.

4. 1Q;is a BB statically later in the code than BB 1Q;
and the two BBs are either overlapped or nested;
see FIG. 15.

5. 1Q; is any type of instruction statically later in the
code than BB IQ;and IQ;is data dependent on one
or more instructions in IQ/s domain; see FIG. 16.

6. 1Q; is any type of instruction statically later in the
code than BB 1Q;and 1Q;is in the domain of an FB
which is overlapped with 1Q; see FIG. 17; this
procedural dependency is only relevant for un-
structured code.

7. 1Q; is any type of instruction in BB 1Q;’s super
domain; i.e., future iterations of I1Q; are not enabled
until one or more BBs whose do nains contain IQ;
execute true.

The enumerated procedural dependencies are direct
dependencies, one instruction being immediately depen-
dent on another. Indirect dependencies (for example,
instruction 1 is dependent on instruction 2 which is
dependent on instruction 3, implies instruction 1 is indi-
rectly dependent on instruction 3) do not imply direct
dependencies and are not considered further; enforcing
just the direct dependencies guarantees that the indirect
ones will be enforced, and code will be executed cor-
rectly.

Nested forward branches are procedurally indepen-
dent. The proof consists of examining all consequences
of the relative execution order of I, and I as shown in
FIG. 18. This order is only relevant insofar as it affects
the state of memory, i.e., the actual user’s program state.
The execution of I preceding the execution of I> is the
normal (sequential) case and is not examined further. I
executing at the same time as or before I executes is the
case now examined.

The program’s memory state will only be valid if an
instruction executes ahead of time, ignoring some de-
pendency. The data dependencies amongst the instruc-
tions in FIG. 18 are independent of the procedural de-
pendencies and, more to the point, are independent of
the relative execution of I; and I2. I, will not execute
until both I; and I have executed true, since I is in both
Iy’s and I2’s domains, and by definition can instruction
in a forward branch domain must wait for the branch to
execute true before the instruction may execute. There-
fore any instruction procedurally or data dependent on
1, will not execute until both I, and I have executed
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true, maintaining correct program execution results.
The order of execution of 1) and 11 is thus irrelevant: I
executing before 1; only partially enables Iy; I, cannot
execute until I}, and all forward branches in PDS,, have
executed true.

Also note that neither I nor I3 executing true or false
affects the contents of memory, hence Iz can execute
prior to I}, then I} may execute without any change in
program memory state taking place. Therefore, 1| and
I; are procedurally independent.

Two utility lemmas are stated and proven. Then the
procedural dependencies necessary and sufficient for
structured code (SC) are derived. The structured code
restriction is then relaxed and the additional procedural
dependencies are derived and, when taken together
with those procedural dependencies arising from struc-
tured code, are shown to be necessary and sufficient for
all non-trivial code.

The first utility lemma is that an instruction I is only
procedurally dependent on a statically later branch B iff
B is a BB and 1eSDg. (This is just a re-statement of PD
7). this is true since, by definition, only a statically later
BB executing true can create new (future) iterations of
I. In cases other than that considered in the above
lemma, I; can only be procedurally dependent in its
present iteration on statically previous branches I;
(lemma 2). To prove this assume I;is a statically later
branch. The three possible cases of statically later
branches are examined and shown not to create present
iteration procedural dependencies with I,. First, in any
given iteration, I’s execution is independent of I’s; I;
may execute, regardless of Ifs execution (FIG. 19).
Second, in any given iteration, I/'s execution is indepen-
dent of I7’s; I; may execute regardless of I/s execution
(FIG. 20). Third, in any given present iteration I; must
execute, virtually or really, independently of I;. I; can
only partially enable future iterations of I; (FIG. 21).

For structured code, PDs 1, 2, 4 and 5 are necessary
and sufficient for describing codes’ present iteration
procedural dependencies (lemma 3). With the struc-
tured code and present iteration constraints, the proce-
dural dependencies are determined by an exhaustive
examination of possible codes. FIG. 22 is an all-encom-
passing example of structured code used in the proof.

In the first case, I;is an AS. By definition, I;is proce-
durally dependent on all FBs in whose super-domain it
is, therefore PD 1 is sufficient. In the example, I; is
procedurally dependent on Ip and Ls. I;is not procedur-
ally dependent on I, I3, and Is (by definition), or Iy and
I3 (by Lemma 2). If I;is data dependent on one or more
Izin I3’s super-domain, then 1; may not execute until Ly
has fully executed in the present iteration. Since I;can-
not be fully executed until I3 is fully executed (I3 may
generate more iterations of Iy, and I may appear to be
fully executed before I3 has finished executing), I; is
procedurally dependent on I3. An equivalent argument
can be made for all previous BBs. Therefore PD S is
sufficient for I, being an AS.

In the second case, I;is an FB. Based on the earlier
proof in this section, I; is procedurally independent of
Ig, Ij, I2, L4 and Is (in the example), and in fact all other
FBs, since the code is structured (no overlapped
branches). For the same reasons as in the first case, PD
% is sufficient for I, being an FB.

In the third case, I;is a BB. As in the first case, I;is
procedurally independent of those previous FBs that I;
is not in the super-domain of (e.g., I, I2, and Is in the
example). If I; branched back to section h in the exam-
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ple, then the relevant enclosing FB would be Ls. Given
the definition of FBs, L4 only partially enables the pres-
ent iterations of the instructions in I’s super-domain,
therefore allowing I; to generate new iterations of the
instructions in its upper-domain before Ly executes is
incorrect, and I; must be procedurally dependent on Ls.
Therefore PD 2 is sufficient. Note that if the definition
of FBs were changed to also partially enable future
iterations of the instructions in their domains, then I;
could generate new iterations and infinitum, since none
would be executed until the enclosing FBs execute true.
Allowing this execution of backward branches ahead of
time is only possible when the BB forms an endless
loop, i.e., is irivial code. (If the loop is not endless, then
it contains loop termination instructions which by defi-
nition are procedurally dependent on the FB))

As in the first case, I; is procedurally dependent on
those statically previous BBs (containing L7 in their
super-domains), in which 1;is data dependent on an I
If 1; branches to section h, then Ig is nested in L. The
relevant instructions are shown in FIG. 23.

Consider the following scenario:

1. I1pis data dependent on Ic

2. I, executes true, enabling a new iteration each of Ip

, Icand Ip

3. I executes true, enabling a new iteration of I¢

If is now possible for Ig to use a variable as a source
which is sunk by Icand does not yet contain the proper
value, as I (and hence I¢) may not have executed in all
I loop iterations for the first iteration of the I;loop. A
similar argument exists for code 1p with respect to Ic.
Therefore I;is procedurally dependent on I if either 1p
or Ipis data dependent on Ic. Since the cases when
there are no such dependencies consist of only trivial
code (the inner loop would be executed only for the
first iteration of the outer loop, and could be moved
outside of the outer loop), I;is procedurally dependent
on I¢. Therefore PD 4 is sufficient for non-trivial code.

In summary, an exhaustive search for all the proce-
dural dependencies has been made, resulting in PDs 1,
2, 4 and 5 being found to be sufficient. Having found no
other present iteration procedural dependencies in
structured code, PDs 1, 2, 4 and 5 are also necessary.
Furthermore, PDs 1, 2, 4, 5 and 7 are necessary and
sufficient to describe all possible procedural dependen-
cies in structured code. Since an iteration may only be
present in future, all such code is covered by lemmas 1
and 3; in the proofs of the lemmas the specific depen-
dencies were either derived, or determined via an ex-
haustive search; they were all that were found.

To determine unstructured code procedural depen-
dencies the structured code constraint is removed. The
sole difference between structured code and unstruc-
tured code is that unstructured code allows overlapped
branches, while structured code does not.

The fourth lemma states that the procedural depen-
dencies additionally sufficient for unmstructured code
(due to overlapped branches) are PD 2 (overlapped),
PD 3, PD 4 (overlapped) and PD 6. The overlapped
cases of PDs 2 and 4 are meant to distinguish the new
dependencies from those also found in structured code,
ie., nested cases. The four new possible control flow
scenarios created by overlapped branches are now ex-
haustively examined for new procedural dependencies.
Unless noted otherwise, the present iteration is as-
sumed. (In the figures, assume code sections A, B, and C
each contain unstructured code with no branch targets
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outside of the section). For each of the scenarios, each
code section is examined, along with the statically later
branch.

The first case, shown in FIG. 24, is for overlapped
FBs. Code A is only procedurally dependent on I, by
definition. Code B is procedurally dependent on both I;
and I;, be definition. Code C is only procedurally depen-
dent on I; by definition.

1;is procedurally dependent on I; otherwise, I, counld
execute before Land thus code C could be disabled
before the execution of I;, which can indirectly deter-
mine if code C is to execute. (I; executing true causes I;
not to be executed, thus indirectly ensbling code C;
otherwise Iimight execute true, incorrectly disabling
code C.) Therefore PD 3 is sufficient.

In the second case the FB domain is overlapped with
the previous BB domain (FIG. 25). Code A is only
procedurally dependent (in future iterations) on I; by
definition and lemmas 1 and 2. Code B is procedurally
dependent in future iterations on I;, by definition. Code
B is procedurally dependent in the present iteration on
I;, by definition. Code C is procedurally dependent in
the present iteration on I; by definition. Also, since
multiple iterations of I; may be pending (due to Jooping
by I;), it cannot be assumed that code C will execute,
until the last iteration of I,executes true; this is indicated
by I; executing false and I; executing false in its last
present iteration. Therefore code C is procedurally
dependent on 1, i.e., PD 6 is sufficient. I;is procedurally
dependent on I;, since otherwise it is possible for un-
wanted iterations of codes A and B to be partially en-
abled by 1. Therefore PD 2 is sufficient for the over-
lapped case.

In the third case, shown in FIG. 26, the BB domain
overlaps with the previous FB domain. Code A is pro-
cedurally dependent on I, by definition. Code B is pro-
cedurally dependent on I;, by definition. Code B is also
procedurally dependent in future iterations on I, by
definition. Code C is procedurally dependent in future
iterations on I, by definition. For I; only its present
iteration is in question. In the worst case, I; is data de-
pendent on Igwhich is procedurally dependent on I;
But any necessary serialization of code execution is
guaranteed by these already present dependencies.
Therefore there are not new procedural dependencies
resulting from this situation.

The fourth case, shown in FIG. 27, is for overlapped
BBs. Code A is procedurally dependent in future itera-
tions on 1;, by definition. Code B is procedurally depen-
dent in future iterations on 1;and 1, by definition. Code
C is procedurally dependant in future iterations on 1, by
definition. Also, PD 5 applies, as usual. For I, PD §
applies, as usual. Assume I; is present iteration indepen-
dent of I;. Then new iterations of 15 can be enabled by
I;before code A has executed in all iterations, and erro-
neous execution may result. Therefore the assumption is
false and I; is procedurally dependent on I; ie,, PD 4
{overlapped) is sufficient.

Having shown that the unstructured code procedural
dependencies are sufficient, the necessity of all of the
procedural dependencies (PDs) for unstructured code is
demonstrated via a sequence of two lemmas and a theo-
rem. The following lemma effectively anchors an in-
duction.

Lemma S states that present iteration procedural
dependencies due to multiple chained branches (FIG.
28) are described by PDs 1-6. Chained branches are
overlapped branches such that an overlapped area is in
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the domains of at most two branches. In FIG. 28, the
extent of each branch’s super domain (SD) is repre-
sented by a solid lien (in the shape of a “C”); the
branches may be either forward or backward, so no
arrows are shown. Two cases must be reviewed in
order to prove the lemma. In the first case the branches
(within overlapped areas) are nested or disjoint. This is
just structured code, in which case structured code
procedural dependencies apply.

In the second case, in which the branches are over-
lapped, only code A can be procedurally dependent on
at most branches 1, 2 and 3, and then only if By is a BB
and B; and B; are FBs. All three procedural dependen-
cies arise from either an unstructured code procedural
dependency (B)) or from definitions (B; and Bj). Other
combinations of FBs and BBs are covered by the cases
in lemma 4. By inspection and lemma 2, chained
branches above B; or below B3 cannot add any new
procedural dependencies to code A.

Lemmsa 6 states that present iteration procedural
dependencies due to multiply overlapped (not nested)
branches are covered (contained) by PDs 1-6 (FIG. 29).
In order to prove this lemma, first the particular three
branch case of FIG. 29 is exhaustively examined for
procedural dependencies other than PD 1-7. This case
is then generalized to k-tuple overlap, ke positive inte-
gers.

In FIG. 29, the extent of each branch’s (B’s) super
domain is represented by a solid line (in the shape of a
“C"); the branches may be either forward or backward,
80 no arrows at the ends of the lines are shown. Only
code in sections F, E and D can possible have additional
procedural dependencies arising from the overiap of all
branches 1-3 (indicated by the large arrow in the fig-
ure), since lemma 2 eliminates codes sections A-C.

Code F is only unstructured code procedurally de-
pendent on B and B; iff B) and B; are BBs and Bjis a
FB. All of the possible procedural dependencies result-
ing from these branches and that resulting from FeSD3
imply code F is proceduraily dependent on B3, in turn
implying that code F is maximally procedurally depen-
dent, i.c., it is procedurally dependent on all B;-Bs. If
B3 is a BB, then there are no unstructured code proce-
dural dependencies, since Bs is after code F (no present
iteration procedural dependencies). If By is a FB, F is
not procedurally dependent on B since it is not in By’s
super-domain. The same is true for B;.

For code E: B is a BB, B; and B; are FBs, implying
code E is procedurally dependent on B)-Bj in turn
implying that code E is maximally procedurally depen-
dent, i.c., is dependent on all of the branches.

For code D: is procedurally dependent on B;-Bj iff
B;-B; are FBs, i.e., code D is maximally procedurally
dependent.

In other branch combinations, the code cases are
covered by overlaps of less than three, since both: en-
closing BBs affect only the future iterations of an in-
struction, reducing the possible present iterations proce-
dural dependencies; and non-enclosing FBs also reduce
the present iteration procedural dependencies, since an
instruction must be in the domain of a FB for the FB to
cause any procedural dependencies between the in-
struction and previous branches. The latter effectively
keeps such branches from generating additional proce-
dural dependencies.

In general, code K in the k-tuple intersection (e.g.,
code D in FIG. 29) can have a new procedural depen-
dency only if all enclosing branches are FBs, but then it



5,201,057

25

is maximally procedurally dependent, and the case is
covered by structured code and unstructured code pro-
cedural dependency conditions. Code K +q (q is a posi-
tive integer between 0 and k1, inclusive, this code is
statically later than code K) requires combinations of 5
Zk—q FBs for maximal procedural dependence, since
Zq BBs overlap with the FBs; this implies that code
K+q is procedurally dependent on the BBs. Or all
statically later branches are BBs implies that only the
codes’ future iterations are affected.

Intermediate cases (less than maximal procedural
dependence), as well as the procedural dependencies for
code above code K, are covered by the proofs for other
k-tuple overlaps, k'<k, applied recursively. This is
possible since for the non-maximally procedurally de-
pendent cases of code K+q (g>0), the non-enclosing
branches are FBs, and thus there are no procedural
dependencies between them and code K +q. In this way
the situation is the same as if only k' overlap is occur-
ring. For example, in FIG. 29 k=3. Code D is the k
case. For code E k'=2, and for F use k'=1 for the
non-maximally procedurally dependent cases.

Based on the above proofs, PDs 1-7 are both neces-
sary and sufficient to describe all procedural dependen-
cies in all non-trivial unstructured code, i.e., all non-
trivial code. All code may be considered to be formed
of sections of structured code optionally interspersed
with overlapped branches, forming unstructured code.
The dependencies arising form the unstructured
branches (where overlap occurs) are found to be suffi-
cient in lemma 4. The baseline for demonstrating their
necessity is given in lemma 5. Lemma 6 demonstrates
their complete necessity.

The previous theory assumed an unlimited IQ (or
instruction window). A finite IQ is now considered as
far as forward branches are concerned. The primary
new concern is with out-of-bounds forward branches
(OOBFBs). OOBFBs jump to locations statically later
than all instructions in the 1Q. The study of OOBFBs is
essentially the study of the interface between the static
and dynamic instruction streams. The interface arises
from the inherent finiteness of the Instruction Quene.

Allowing the execution of multiple OOBFBs simulta-
neously is useful for the speedy execution of both large

—
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branches and procedure calls, as calls may be consid-
ered to be OOBFBs. Without the capability of multiple
OOBFB execution, some code would be forced to exe-
cute sequentially, one OOBFB per cycle.

All non-forward branch instructions statically before
an OOBFB must fully execute before the OOBFB can
execute, since the OOBFB’s execution may cause new
code to be loaded into the IQ. If full execution is not
required, then when now code is loaded into the IQ the
partially executed instructions will be overwritten, im-
plying that one or more of their iterations will not exe-
cute, leading to erroneous results. Conversely, all non-
forward branch instructions statically later than
OOBFB cannot execute until the OOBFB has executed.
Forward branches (e.g., I3 and 14 in FIG. 30) nested in
OOBFBs (1) and 1; in FIG. 30), are procedurally inde-
pendent of the enclosing OOBFBs. (In FIG. 30, I and
I may be considered to be nested in I; since ASD-
2 ASD; and ASD3 ASD;. ASD; is the apparent
super domain of instruction i.) Therefore if there are not
instructions between OOBFBs (as is the case with I and
Iz in FIG. 30), the OOBFB:s are procedurally indepen-
dent, assuming that statically lower numbered OOBFBs
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executing true have priority over following branches.
For example, I; executing true inhibits the activation of
I, as far as jumping to I2’s target address is concerned.

All of the possible outcomes of the two OOBFSs’ (1
and I, in FIG. 30) execution are shown in FIG. 3; in this
truth table the branch conditions Cy have one of four
possible states:

1. T—the branch executes in the current cycle and its
condition evaluates “true”, i.e., the branch is to be
taken;

2. F—the branch executes in the current cycle and its
condition evaluates “false”, i.e., the branch is not to
be taken;

3, ale (already executed)—the branch fully executed
in a previous cycle;

4. nye (not yet executed)—the branch is not yet fully
executed, nor is it executing in the current cycle.

The output TA (target address) indicates one of three
possible actions:

1. 1—jump is to be taken to the TA of OOBFB 1, 1Q
loading starts at that address;

2. 2—a jump is to be taken to the TA of OOBFB 2, 1Q
loading starts at that address;

3. F—no jumps are to be taken, execution of the code
currently in the IQ continues.

In the noted case in FIG. 31, branch 2 is statically
previous to branch 1, and branch 1 is “not yet ex-
ecuted”’(nye); therefore branch 2 cannot be allowed to
execute true, as this would cause instruction | to be
unexecuted (its condition untested), leading to errone-
ous results. In such a case, the execution state of branch
2 is reset so that it is evaluated again in another later
cycle, and branch 2 is inhibited from being taken; there-
fore it is not completely executed.

The truth table can be expanded to include more than
two OOBFBs; in such cases the statically previous
OOBFBs have priority, as mentioned earlier. Logic an
be realized from the truth table allowing all OOBFBs to
conditionally execute in the same cycle. Only the stati-
cally most previous OOBFB executing true, and stati-
cally later OOBFBs executing false, are allowed to
completely execute, however. Therefore, multiple
OOBFBs may be executed concurrently.

Since structured code by definition consists of non-
overlapped branches, FDs 2, 3, and 6 do not exist for
structured code. In other words, the procedural depen-
dencies extent for structured code are a proper subset of
those existing in unstructured code. Thus it appears that
more concurrent exists in structured code than in un-
structured code. This does not mean that the algorith-
mic conversion from unstructured to structured code
{61] results in faster code execution. It does mean that if
HLL code (primarily of a structured nature) is con-
verted to the model’'s machine code, constraining the
machine code to be structured, more concurrent execu-
tion of the HLL. code will likely result. Structured code
may be used to advantage in realizing HLL statements.

SUPER ADVANCED EXECUTION DETAILS

The logic basically stays the same when SAE is used.
Wherever a virtual execution (VE) terms occurs in the
original logic, another term is OR’d with it indicating
the pseudovirtual execution of certain instructions’ iter-
ations.

The regions of the AE matrix shown in FIG. 12 are
calculated as follows. The BV and BVLS vectors indi-
cate the horizontal boundaries of the regions delineated
in the figure. The vertical region boundaries are given
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by the bit vector in inner loop (IIL} of length n. IIL is
determined in a relatively static fashion using the con-
tents of the backward branch domain (BBDO) matrix to
set those elements of IIL that are within an inner loop’s
backward branch’s domain. Taking the BV vector to be
horizontal, with its elements’ values extending verti-
cally, and the IIL vector to be vertical, with its ele-
ments’ values extending horizontally, then the various
regions of FIG. 12 are calculated by various logical
combinations of the intersections of the BV, BVLS, and
IIL values.

Forward branches within inner loops (overlapped
with the loop-forming backward branch) are allowed to
conditionally execute in super advanced iterations, such
that they are only allowed to completely execute false
{branch not taken). If their conditions evaluate true,
then they are not executed, nor is the AE matrix up-
dated to show an execution. This keeps loops from
prematurely terminating.

The following logic is used to compute the IIL ele-
ments:

ILI (Inner Loop backward branch indicator) is com-
puted at each load cycle:

ILI=[%;22"BBDO; new+ BBDO, )}-BBDO new, new

wherein:
new=n+1
BBDO; sew=1 if 1Q; is in new instruction’s BB do-
main;
BBDO; ;=1 if IQ;is a BB;
BBDOew pew=1 if IQnew is a BB; and
ILI=1iff the new instruction being loaded is an inner
Joop forming backward branch.
IIL;(Inner Loop indicators) are initialized to zero and
computed at each load cycle for all i, where 2=i=n+1:

HL;=1IL;+{ILI-BBDO; pew)

The following logic computes (at each load cycle)
indicators showing those instructions which are for-
ward branches with targets out of an inner loop, also
known as Out of Inner Loop Forward Branches:

for all i, where 2=i<n+1:

OOILFB =1Ly 4 tHIL}FBDi 11

The BIL; (Below Inner Loop) indicators are also
computed at each load cycle:
for all i where 2=i=n+1:

BILi={Zju "t LA g2 ILL

(All of the above indicators are nominally computed
after the new (n+ 1) columns of the BBDO and FBD
matrices have been computed.

Now, referring to FIG. 12, the matrix SAEVE indi-
cates those instruction iterations (V and T) which
would be considered to be virtually executed for Super
Advanced Execution of instruction iterations marked
“S” in the figure. Using row and column indexing:

for all i,j:

SAEVE j=(BV}IIL)+(BVLSBIL)

Similar logic, indicating just the V’s is:
for all ij:
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PDSAEVE, j=BV;IIL;

The PDSAEVE indicators are OR’d with the AE and
VE terms in the procedural independence calculating
logic. The SAEVE and PDSAEVE indicators are com-
puted by arrays of logic; their values only (potentially)
change upon load cycles. For example, PDSAEVE is
computed using a logic array with an AND gate at each
intersection; each element of the column vector ITL is
AND’d with each element of the row vector BV 10
generate the PDSAEVE matrix. The ones in this matrix
are the “V” terms in FIG. 12. Note that PDSAEVE
indicates those instructions allowed to execute, either
normally or SAE.

The SAEVE indicators are used to modify the SEN
and SFS logic for SAE, as follows:

for all i,j:

VETYP,;y= BV IIL;

Where VETYP;;=1, this indicates the “S” instruc-
tion iterations of FIG. 12. This VETYP matrix can also
be computed using a logic array.

One technique then OR’s the original VE;term in the
SEN and SFS logic with:

(VETYP,-SAEVE;)

where u and s are serial indices.
Alternatively, and in a preferred fashion, the original
VE; terms in the SEN and SFS logic is OR’d with:

(BV x4 SAEVEy)

These modifications ensure that only “S” instruction
iterations consider the “T” iterations to be virtually
executed in SAE operation.

BRIEF DESCRIPTION OF THE “SIMCD”
Simulator Program and Documentation

The simed program is a simulator of the hardware
embodiment described in the specification. With appro-
priate input switch settings (described below), and a
suitably encoded test program, the execution of the
simulator causes the internal actions of the hardware to
be mimicked, and the test program to be executed. The
simulator program is written *“C”, the test programs are
written in machine language.

The file simcd.doc contains descriptions of the switch
settings and input parameters of the simulator. For the
hardware embodiment described in the specification,
dect=1, bct=4, n=32 (typically), m=38 (typically), pa-
rameters S-8=232 or greater, 1Q load type=1. The spec-
ification of the input code has not been included.

The basic operation of the simulator program is now
described. Page numbers will refer to those numbers on
the pages of the simcd54.c program listing. The first few
pages contain descriptions of the data structures, in
particular the dynamic concurrency structures of the
hardware are declared on page 2 right; the name is dcs.
Much of the ‘main’ () routine, starting on page 4 left, is
concerned with initialization of the simulated memory
and other data structures.

The major execution loop of the simulator starts on
page 5 right, 12th line down (the while loop). Each
iteration of the loop corresponds to one hardware ma-
chine cycle. The first function executed in the loop is
the ‘load’ ( ) function which loads instructions into the
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Instruction Queue, and also sets corresponding entries
of the static concurrency structures. In many, if not
most, cases, no instructions will be loaded, and the
‘load’ () function will take O time (otherwise, the cur-
rent cycle may have 10 be effectively lengthened). Con-
tinuing to refer to page 5 right, the next relevant code is
in the section in case 1: of the *switch’ (ddct) construct.
The next five function calls are the heart of the machine
cycle simulation; the rest of the ‘while’ loop consists of
output specification statements, which are not relevant
to the application claims. In hardware, the actions of
these functions would be overlapped in time, keeping
the cycle time reasonable.

The first function, ‘eidetr’ (), is one of the most rele-
vant sections of code; it starts on page 22 right. Its
primary functions are to determine those instruction
instances (iterations) eligible for execution in the cur-
rent cycle, and for assignment instructions, to determine
the inputs to each instruction instance. The first code in
the function, page 22 right to page 23 right top, deter-
mines whether procedural dependencies have been re-
solved or not. The next small piece of code on page 23
right determines ‘saeve’ terms for use in the SEN (sink
enable) calculations, allowing the super advanced exe-
cution by the hardware. The ‘for’ loop at the bottom of
page 23 right, continuing on to page 24 left, computes
the SEN pointers in an incremental fashion, to reduce
simulation time. Next is the DD EI calculation, which
determines the final data dependency executable inde-
pendence of the instructions instances. There are some
further relatively minor calculations on pages 24 right
through 25 right, including the final determination of
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semantic executable independence, and the function
ends.

The next function in the main loop is ‘asex’ (). In this
function, those assignment instruction instances found
to be ready for execution in eidetr ( ) are actually exe-
cuted, with their results being written into the shadow
sink matrix. The advanced execution matrix is also up-
dated, indicating those instances which have executed.

The next major function is ‘memupd’ ( ), which is
contained on page 29 right. First, a determination is
made of which shadow sink registers are eligible for
writing to main memory, i.e., the WSE calculations are
made using the advanced storage matrix. Next, memory
is updated with the eligible shadow sink values, using
the addresses in instructions in address; and the ad-
vanced storage matrix is updated.

The next function is brex () beginning on page 27 left.
In this code, the appropriate branch tests are made
(very possibly more than one per cycle), and branches
out of the Instruction Queue are handled.

The last major function is the ‘desupd’ ( ) function,
which starts on page 29 right bottom. The dynamic
concurrency structures are updated as indicated by
branch executions. Also, fully executed iterations, in
which the advanced execution and advanced storage
matrix columns corresponding to that iteration and all
those earlier that have all ones in them, are retired,
making room for new iterations to be executed.

All the major functions in the primary loop of the
simcd54.c simulator program have been described. The
loop continues until a special ‘“‘end-of-simulation™ in-
struction is encountered in the test program.

Appendix 1

SOURCE CODE LISTING

FOR SIMULATOR
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SOURCE CODE LISTING

FOR SIMULATOR
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APPENDIX 4

Brief Description of the “simcd” Simulator Program
and Documentation

The simcd program is a simulator of the hardware
embodiment described in the specification. With appro-
priate input switch settings (described below), and a
suitably encoded test program, the execution of the
simulator causes the internal actions of the hardware to E
be mimicked, and the test program to be executed. The '
simulator program is written in “C”, the test programs
are written in a machine language. ;

The file simcd.doc contains descriptions of the switch
settings and input parameters of the simulator. For the !
hardware embodiment described in the specification,
det=1, bet=4, n=32 (typically), parameters 5-8=32
or greater, IQ load type=1. The specification of the?
input code has not been included. j

The basic operation of the simulator program is now .
described. Page numbers will refer to those numbers on
the pages of the simcd54.c program listing. The first few
pages contain descriptions of the data structures, in
particular the dynamic concurrently structures of the
hardware are declared on page 2 right; the name is dcs.
Much of the main ( ) routine, starting on page 4 left, is
concerned with initialization of the simulated memory
and other data structures.

The major execution loop of the simulator starts on
page 6 S right, 12th line down (the while loop). Each
iteration of the loop corresponds to one hardware ma-
chine cycle. The first function executed in the loop is
the load () function which loads instructions into the
Instruction Queue, and also sets corresponding entries
of the static concurrency structures. In many, if not
most, cases, no instructions will be loaded, and the Joad
( ) function will take O time (otherwise, the current
cycle may have to be effectively lengthened). Continu-
ing to refer to page 5 right, the next relevant code is in
the section in case 1: of the switch (ddct) {construct.
The next five function calls are the heart of the machine
cycle simulation; the rest of the while loop consists of
output specification statements, which are not relevant
to the application claims. In hardware, the actions of
these functions would be overlapped in time, keeping
the cycle time reasonable.

The first function, eidetr ( ), is one of the most rele-
vant sections of code; it starts on page 22 right. Its
primary functions are to determine those instruction
instances (iteration) eligible for execution in the current
cycle, and for assignment instructions, to determine the
inputs to each instruction instance. The first code in the
function page 22 right to page 23 right top, determines
whether procedural dependencies have been resolved
or not. The next small piece of code on page 23 right
determines saeve terms for use in the SEN (Sink EN-
able) calculations, allowing the super advanced execu-
tion by the hardware. The for loop at the bottom of
page 23 right, continuing on to page 24 left, computes
the SEN pointers in an incremental fashion, to reduce
simulation time. Next is the DD EI calculation, which
determines the final data dependency executable inde-
pendence of the instructions instances. There are some
further relatively minor calculations on pages 24 right
through 25 right, including the final determination of
semantic executable independence, and the function
ends.
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The next function in the main loop is asex (). In this
function, those assignment instruction instances found
to be ready for execution in eidetr () are actually exe-
cuted, with their results being written into the Shadow
Sink matrix. The Advanced Execution matrix is also
updated, indicating those instances which have exe-
cuted.

The next major function is memupd ( ), which is
contained on page 29 right. First, a determination is
made of which Shadow Sink registers are eligible for
writing to main memory, i.e., the WSE calculations are
made using the Advanced Storage matrix. Next, mem-
ory is updated with the eligible Shadow Sink values,
using the addresses in Instruction Sin Address; and the
Advanced Storage matrix is updated.

The next function is brex () beginning on page 27 left.
In this code, the appropriate branch tests are made
(very possibly more than one per cycle), and branches
out of the Instruction Queue are handled.

The last major function is the dcsupd () function,
which starts on page 29 right bottom. The dynamic
concurrency structures are updated as indicated by
branch executions. Also, fully executed iterations, in
which the Advanced Execution and Advanced Storage
matrix columns corresponding to that iteration and all
those earlier that have all ones in them, are retired,
making room for new iterations to be executed.

We have described all the major functions in the
primary loop of the simcd54.c simulator program. The
loop continues until a specia “end-of-simulation” in-
struction is encountered in the test program.

I claim:

1. A central processing unit for executing a series of
instructions in a computing machine having a memory
for storing instructions and data elements, the central
processing unit comprising:

an instruction queue for storing at least a subset of the
series of instructions;

a plurality of processing elements coupled to said
instruction queue for receiving signals indicating
operations to be performed by said processing ele-
ments and for executing instructions by performing
the indicated operations;

loader means coupled to said instruction queue and to
the memory for loading instructions from the mem-
ory to said instruction queue and for generating
signals. indicating relationships between the in-
structions stored in said instruction queue;

relational matrix means coupled to said loader means
for receiving an storing the signals indicating rela-
tionships between the instructions stored in said
instruction queue;

a branch unit, said branch unit including execution
matrix means for storing signals representing the
execution state of a set of iterations of each instruc-
tion stored in said instruction queue;

identifying means coupled to said relational matrix
means and 10 said execution matrix means for iden-
tifying a plurality of executable instructions from
the subset of instructions in said instruction queue
in response to the signals stored in the relational
matrix means and the signals stored in the execu-
tion matrix means;

means for coupling said identifying means to said
instruction queue and to said branch unit for trans-
mitting signals to said instruction queue and to said
branch unit in response to the identified plurality of
instructions;
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said instructions queue including means responsive to
said signals from said coupling means for transmit-
ting signals to said processing elements indicating
the operations to be performed by said processing
elements;

said branch unit including means responsive to said

signals from said coupling means for updating the
execution matrix means to indicate that an instruc-
tion iteration has really executed,

said branch unit including means for updating the

execution matrix means in response to execution of
a branch instruction to indicate that at least one
instruction iteration has virtually executed;

sink storage means for storing result data elements

generated by the execution of instructions by said
processing elements;
interconnect means coupled to said instruction queue,
to said processing elements, to said sink storage
means, and to the memory, for transmitting data
elements to and from said processing elements; and

sink enable means coupled to said identifying means
and to said sink storage means for generating sig-
nals for coupling selected result data elements to
said interconnect means for transmission to a pro-
cessing element.

2. The central processing unit of claim 1 wherein said
coupling means is a resource filter.

3. The central processing unit of claim 1 wherein the
identifying means comprises:

means for identifying a set of procedurally executably

independent instruction iterations;

means for identifying at set of data executably inde-

pendent instruction iterations; and

means for identifying a set of instruction iterations

which are both data execuiably independent and
procedurally executably independent.
4. The central processing unit of claim 3 wherein said
means for identifying a set of procedurally executably
independent instructions and said means for identifying
a set of data executably independent instructions func-
tion concurrently.
5. The central processing unit of claim 3 wherein:
said instruction queue comprises means for storing n
instructions at locations 1Q(i), where i is an integer
greater than zero and less than or equal to n;

said sink storage means comprises a plurality of ad-
dressable register means for storing, in register
location SSI(k,]), the result values generated by the
execution of instruction IQ() in iteration (1),

said relational matrix means comprises at least two
data dependency matrices, each data dependency
matrix DDz corresponding to a separate instruc-
tion source data element z and having a plurality of
binary elements DDz(i,j) for indicating whether
instruction 1Q(j) is data dependent on instruction
1Q(i); and

said execution matrix means comprises:

a real execution matrix having a plurality of binary

200

memory update means coupled to said sink storage
means, said relational matrix means, said execution
matrix means, and said memory for copying data
clements from said sink storage means to the mem-
ory.
7. The central processing unit of claim 6 wherein said
memory update means COmprises:
instruction sink address means for storing a memory
address for each of the data elements stored in said
sink storage means; and
memory update enable means for enabling the writ-
ing of a selected data element in said sink storage
means to the memory at the stored memory address
for the selected data element.
8. The central processing unit of claim 7 wherein said
- means for identifying a set of procedurally executably
independent instruction iterations comprises means for
identifying an instruction iteration beyond an unexe-

20 cuted conditional branch instruction as procedurally

executably independent.

9. The central processing unit of claim 8 wherein said
means for identifying instruction iterations beyond une-
valuated conditional branch instructions comprises

25 means for identifying a set of instructions within an

innermost loop.

10. The central processing unit of claim § wherein
said means for identifying a set of data executably inde-
pendent instructions comprises:
means for determining, for each iteration j of each
instruction 1Q(i), whether a source data element z
of instruction iteration (i,j) is in said memory; and

means for determining, for each iteration j of each
instruction 1Q(i), whether a source data element z
of instruction iteration (i,j) is in said sink storage
means;

the instruction iteration (i,j) being identified as data

executably independent if all source data elements
of instruction iteration (i,j) are either in the mem-
ory or in said sink storage means.

11. The central processing unit of claim 10 wherein
said means for determining whether a source data ele-
ment z of instruction iteration (i,j) is in said sink storage
means comprises means for determining whether there
is a location SSI(k,]) in said sink storage means satisfy-
ing the following conditions:

SSI(k,I) has been generated by the real execution of

instruction 1Q(k) in iteration ;

instruction 1Q(i) is data dependent upon instruction

1Q(k) for source data element d; and

for all instruction iterations (e(f) serially between

instruction iteration (k,1) and instruction iteration
(i,j), either instruction IQ() is not data dependent
on instruction 1Q(e) for source data element z or
instruction iteration (e,f) has virtually executed.

12. The central processing unit of claim 11 wherein
said means for determining whether a source data ele-
ment z for instruction iteration (i,j) is in said memory
comprises means for determining whether, for all in-

elements RE(),j) for indicating whether iteration'60 gryction iterations (e,f) serially prior to instruction

(j) of instruction IQ(i) has really executed; and
a virtual execution matrix having a plurality of
binary elements VEC(,j) for indicating whether
iteration (j) of instruction IQ@) has virtually
executed.
6. The central processing unit of claim § further com-
prising:

iteration (i,j), either instruction IQ(i) is not data depen-
dent on instruction IQ(e) for source data element z or
instruction iteration {(e,f) has virtually executed.

13. The central processing unit of claim 10 wherein
said means for determining whether a source data ele-
ment z for instruction iteration (i,j) is in said sink storage
means comprises means for determining whether there
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is a location SSI(k,]) in said sink storage means satisfy-
ing the following conditions:

RE(kD=1;
5
DDzk,N=1;

and

for all instruction iteration (e,f) serially between in-
struction iteration (k,1) and instruction iteration
(i.j), either DDz(e,i)=0 or VE(e.f)=1.

14. The central processing unit of claim 13 wherein
said means for determining whether a source data ele-
ment z for instruction iteration (i,j) is in said memory
comprises means for determining whether, for all in-
struction iterations (e,f) serially prior to instruction
iteration (i,j), either DDz(e,i)=0 or VE(e,f)=1.

15. The central processing unit of claim 10 wherein
said means for determining whether a source data ele-
ment is in said memory and said means for determining
whether a source data element is in said sink storage
means function concurrently.

16. The central processing unit of claim 18 wherein

said means for determining whether a source data

element is in said memory is operative to concur-
rently make such determination for each iteration
of each instruction; and

said means for determining whether a source data

element is in said sink storage means is operative to
concurrently make such determination for each 30
iteration of each instruction.

17. The central processing unit of claim 10 wherein
said means for identifying a set of data executably inde-
pendent instructions comprises:

means for corcurrently determining, for each instruc- 35

tion iteration (i,j), and each source data element z,
whether all source data elements of instruction
iteration (i,j) are either in the memory or in said
sink storage means.

18. A method for concurrently executing a series of 40
instructions in a computing machine having a central
processing unit and a memory for storing instructions
and data elements, comprising the steps of:

loading at least a subset of the series of instructions

from the memory in an instruction queue;

substantially concurrently with said loading steps:

generating signals indicating relationships between
the instructions loaded in said instruction queue;

storing in a relational matrix means the signals
indicating relationships between the instructions 50
stored in said instruction queue;

storing in an execution matrix means signals repre-
senting the execution state of a set of iterations of
each instruction stored in said instruction queue;

identifying a first plurality of executable instruc-
tions from the subset of instructions in said in-
struction queue in response to the signals stored
in said relational matrix means and said execution
matrix means;

thereafter concurrently executing a selected subset of

the first plurality of identified instructions using a
plurality of processing elements;

updating the execution matrix means to indicate that

the instructions executed by the plurality of pro-
cessing elements have really executed and to indi- >
cate, in response to the execution of a branch in-
struction, that some instructions have virtually
executed;
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storing in a sink storage matrix result data elements
generated by the execution of instructions by the
plurality of processing elements;
using the updated execution matrix means 1o repeat
the identifying step to identify a second plurality of
executable instructions; and

concurrently executing a selected subset of the identi-

fied second plurality of instructions using at least
one of the data elements stored in the sink storage
matrix.

19. The method of claim 18 wherein the identifying
step comprises: .

identifying a set of procedurally executably indepen-

dent instruction iterations;

identifying a set of data executably independent in-

struction iterations; and

identifying a set of instruction iterations which are

both data executably independent and procedurally
executably independent.
20. The method of claim 19 wherein:
said loading step comprises the step of storing in said
instruction queue n instructions at locations 1Q(i),
where i is an integer greater than zero and less than
or equal to n;

said step of storing date elements in the sink storage
matrix comprises the step of storing, in location
SSI(k,D), the result values generated by the execu-
tion of instruction IQ(k) in iteration (1);

said step of storing signals in the relational matrix
means-comprises the step of storing a plurality of
binary elements DDz(i,j) indicating whether in-
struction I1Q(j) is data dependent on instruction
1Q(i) for source data element z; and

said step of storing signals in the execution matrix

means comprises the steps of:

storing in a real execution matrix a plurality of
binary elements RE(i,j) indicating whether itera-
tion (j) of instruction IQ(i) has really executed;
and

storing in a virtual execution matrix a plurality of
binary elements VE(,j) indicating whether itera-
tion (j) of instruction IQ(i) has virtually exe-
cuted.

21. The method of claim 20 wherein said step of iden-
tifying a set of procedurally executably independent
instructions and said step of identifying a set of data
executably independent instructions are performed con-
currently.

22. The method of claim 20 further comprising the
step of:

copying selected data elements from said sink storage

matrix to the memory.

23. The method of claim 22 wherein said step of
copying selected data elements to memory comprises
the steps of:

storing a memory address for each of the data ele-

ments stored in said sink storage matrix; and
enabling selected data elements in said sink storage
matrix to be copied to the memory.

24. The method of claim 23 wherein said step of iden-
tifying a set of procedurally executably independent
instruction iterations comprises the step of identifying
an instruction iteration beyond an unexecuted condi-
tional branch instruction as procedurally executably
independent.

25. The method of claim 24 wherein said step of iden-
tifying instruction iterations beyond unevaluated condi-
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tional branch instructions comprises the step of identify-
ing a set of instructions within a innermost loop.

26. The method of claim 20 wherein said step of iden-
tifying a set of data executably independent instruction
iterations comprises:

determining, for each iteration j of each instruction

1Q(i), whether a source data element z of instruc-
tion iteration (i,j) is in said sink storage matrix; and

5

identifying the instruction iteration (i,j) as data execu- :

tably independent if all source data elements of 10

instruction iteration (i,j) are either in said memory
or in said sink storage matrix.
27. The method of claim 26 wherein said step of iden-
tifying a set of data executably independent instructions
comprises:
concurrently determining, for each instruction itera-
tion (i,j) and each source data element z, whether
all source data elements of instruction iteration (i,j)
are either in the memory or in said sink storage
matrix.
28. The method of claim 26 wherein said step of de-
termining whether a source data element z for iteration
j of instruction IQ(i) is in said sink storage matrix com-
prises the step of determining whether there is a loca-
tion SSI(k,!) in said sink storage matrix satisfying the
following conditions:
SSI(k,]) has been generated by the real execution of
instruction IQ(k) in iteration I;

instruction IQ(i) is data dependent upon instruction
IQ(k) for source data element d; and

for all instruction iterations (e,f) serially between
instruction iteration (k,]) and instruction iteration
(i,j), either instruction IQ(i) is not data dependent
on instruction IQ(e) for source data element z or
instruction iteration (e,f) has virtually executed.

29. The method of claim 28 wherein said step of de-
termining whether a source data element z for instruc-
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tion iteration (i,j) is in the memory comprises the step of
determining whether, for all instruction iterations (e,f)
serially prior to instruction iteration (i,j), either instruc-
tion IQ(i) is not data dependent on instruction IQ(e) for
source data element z or instruction iteration (e,f) has
virtually executed.
. 30. The method of claim 6 wherein the step of deter-
imining whether a source data element z for instruction
literation (1,j) is in said sink storage matrix comprises the
step of determining whether there is a location SSI(k,])
.in said sink storage matrix satisfying the following con-
| ditions:
RE(kD=1;

DDztk.)=1;
and

for all instruction iterations (e,f) serially between

instruction iteration (k,l) and instruction iteration
(i,j), either DDz(e,i)=0 or VE(e,f)=1.

31. The method of claim 30 wherein the step of deter-
mining whether a source data element z for instruction
iteration (i,j) is in said memory comprises the step of
determining whether, for all instruction iterations (e,f)
serially prior to instruction iteration (i,j), either
DDaz(e,i)=0 or VE(e,f)=1.

32. The method of claim 26 wherein said step of de-
termining whether a source data element is in said and
said step of determining whether a source data element
is in sink storage matrix are performed concurrently.

33. The method of claim 32 wherein

said step of determining whether a source data ele-

ment is in said is performed concurrently for each
iteration of each instruction; and

said step of determining whether a source data ele-

ment is in sink storage matrix is performed for each
iteration of each instruction.



