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Abstract

This paper proposes an architectural feature for superscalar
processors called conditional annulling. The conditional
annulling mechanism achieves both the effects of condi-
tional execution and speculative execution without incur-
ring a significant increase of hardware complexity and cost.
An effectiveness evaluation carried out in this paper shows
the conditional annulling mechanismis effective tnimprov-
ing superscalar processor instruction scheduling.
Keywords: superscalar processor, pipeline, conditional
execution, speculative execution, conditional annutling.

1 Introduction

1t is well known that the speedups that can be achieved
with superscalar microprocessors are severely limited by
the great munber of branch instructions in the program,
one out of every three to seven instructions {1, 2]. Branch
instructions cause two negative effects to superscalar pro-
cessors. The first effect is the incurring of control de-
pendence in the program which, in tumns, seriously limits
the instruction-level parallelistm exploitable. The second
negative effect is the penalty due to carrying out a branch
operation. Though branches always cause some forms of
penalty on pipelined processors, the effect is more severe
to a superscalar processor. For a superscalar processor
that executes N instructions per clock cycle, the waste of
one clock cycle due to a branch operation will result in a
degradation of performance by the same percentage as the
waste of N clock cycles in a processor that executes one
instruction per clock cycle.

Motivated by the observations discussed above, we de-
veloped a mechanism called conditional annuiling for su-
perscalar processors. The conditional annulling mecha-
nism achieves both the effects of conditional execution [3]
and speculative execution [6, 7, 8]. In some instances,
conditional annulling can be applied to eliminate branch
operations when dealing with branch paths of program
flow. In Some other instances, conditional annulling facil-
itates instruction scheduling across basic block boundaries
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Figure t: The pipeline of our baseline nmachine model

by allowing speculative instruction execution to a limited
extent. The main advantage of the conditional annulling
mechanism is that it does not incur a significant increase of
hardwate complexity andcost. It needs no shadow registers
as requited for performing general speculative execution.
The key point behind the conditional annulling mechanism
is effective exploitation of the pipeline structure of mod-
ern microprocessors. If compared with guarded execution
[4], or called predicated execution [5], which achieves the
effect of conditional execution, the conditional annulling
offers more instruction scheduling flexibility by providing
limited speculative execution.

In the rest part of this paper, we will describe the basic
mechanism of conditional annulling in section 2. In sec-
tion: 3, we will elaborate how conditional annulling can be
applied in compiling programs for superscalar processors.
An effectiveness evaluation of the conditional annulling
mechanism is presented in section 4.

2 The Conditional Annulling Mecha-
nism
To facilitate the discussion of the conditional annulling

mechanism, let us first build a superscalar processor model
that servers as our baseline machine. The superscalar pro-
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Figure 2: An example of conditional annulling

cessor model executes instructions in a RISC-style 5-stage
pipeline [9] as illustrated in Fig. 1. It has one set of condi-
tion flags that are set according to the outcome of arithmetic
and logical operations. On executing a branch instruction,
the processor tests the contents of condition flags and de-
cides the action to take in the second pipeline cycle. Since
the testing of the condition flag contents is carried out in the
second pipeline cycle and the output of an instruction is not
written into the register file until the fifth pipeline cycle, the
execution of an instruction can be conditionally annulled
based on the outcome of a condition testing carried out by
an instruction that is issued two clock cycles later. Based
on this observation, we introduce a class of instructions that
test condition flag contents in the second pipeline cycle and
store the outcome in one of the boolean flags called Boolean
Flags, BFs. Fig. 2 illustrates the operation of conditional
annulling. In Fig. 2, instruction 3, sge BF 2, tests thecon-
dition flag contents and stores the outcome in conditional
annulling flag BF2. The status of BF2, then, determines if
instructions 1 and 4 should be annutled when the execution
proceeds to the fifth pipeline cycle. In practice, we can
conclude that an instruction which tests the condition flag
contents is able to conditionally annul any instruction that
is issued no earlier than 2 cycles before it.

The discussion so far is for general cases. There are
some other cases to consider. One case is the store instruc-
tion. A store instruction must be annulled at the beginning
of the fourth, pipeline cycle, instead of the fifth cycle, for
conditional annulling to take effect because the output data
is written into the memory in the fourthcycle of the pipeline.
Another case is the arithmetic and logical instructions that
set the condition flags. Since setting of condition flags is
done in the third pipeline cycle (the ALU cycle), see Fig. 1,
it is impossible for an instruction that is issued later to annul
the effect of condition setting.

What we presented in this section is the basic mecha-

DX/OF Instruction Decode and Operand Fetch Cycle:
For instructions that test condition flag
contents, e.g. conditional branch and sge
instruction in Fig, 2, the outcome
is recorded in a BF.
The Memory Access Cycle:
For a store instruction, the status of the
specified BF is examined to determined
if the instruction is to be annulled.
WB The Write Back Cycle:

The status of the BF is examined to

determine if the register file is to be updated.

MEM

Figure 3. The modifications of pipeline structure for the
demonstration superscalar processor.

nism of conditional annulling. In the next section, we will
elaborate how to apply this technique in generating codes
for superscalar processors.

3 Code Optimizaticns with Condi-
tional Annulling

It is necessary to define a demonstration superscalar pro-
cessor with conditional annulling mechanism for further
discussion. Except instruction annulling operations, and
several BFs, the demonstration processor inherits all the
architectural features of the baseline processor defined in
Section 2. Fig. 3 shows the operations that the demonstra-:
tion processor needs to carry out in the pipeline cycles in
addition to the operations in Fig. |.

To transform a program targeted for the baseline pro-
cessor to the demonstration processor, the code optimizer
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sitaply chooses the instructions that do not violate data de-
pendencies and then moves them upward across the branch
instruction within two clock cycles. By doing this, the
demonstration processor can achieve both the effects of
conditional execution and speculative execution. Such
code movement is straightforward and easy to implement.
Following examples iflustrate this basic optimization tech-
nique.
The first example used to illustrates the application of
conditional annulling is the conditional expression con-
struct in C programs. The expressionmax = (a > b)?a :
b; assigns the larger number between a and b to max. For
the baseline processor, this expression can be realized with
the following code segment:
(I1) cmp a,b; (I2) mov a,max;
(I3) ble,a L1;
(I4) mov b,max;

Ll:

In this code segment, I1 and I2 are executed in the
same clock cycle and 14 is in the delayed slot of condi-
tional branch13. This code segment takes three clock to
conplete.

With conditional execution, the conditional branch can
be eliminated as shown below:

(I1) cmp a,b; (I2) mov a,max;
(I5) sle R4;
(I6) mov b,max,R4;

In this code segment, condition setting instruction 15
sets the condition in R4 whose content then determine
whether instruction I6 should be executed. Though the
branch instruction is eliminated, this code segment stilt
takes three clock cycles to complete.

With conditional annulling, the code segment can be
further compacted. The code listed below takes only two
clock cycles to complete.

(I11) cmp a,b; (12) mov a,max;
(17) sle BFZ; {I8) mov b,max,BR2;

The key operation here is the moving of instruction 18
one clock cycle ahead. Such new freedom of code move-
ment provides compilers an opportunity of performing a
more optimized code scheduling.

The second examiple shows speculative execution with
conditional annulling. The C program:

for (i=head; i; i=i->next) sum
+= i->data;

sums the values in the data field of the linked list. With
conditional annulling, the program segment can be realized
by the code segment shown in Fig. 4. In this code segment,
instruction 110  speculatively preload data of the first
iteration. Also, instruction 117, which is in the loop body,
carries out the speculative data loading for the succeeding
iterations. The execution of these twoinstructions is subject
to possible annulling depending on the testing result of
instruction I14. Since instructions 110 or I14 may cause
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name -uni -Osched -Oreg -0
binary 1.000 1.515 2.290
bubble  1.000 1.837 3.262
fib 1.000 1.885 1974
ged 1.000 1.863 2972
pat 1.000 1.850 2.630
perm 1.000 2360 2528
gsort 1.000 1.835 2296
sieve 1.000 1.897 3.895
Average 1.880 2371

Table I: Perforinance benchmark data

memory violation fault if they are to be annulled, the fault
needs to be suppressed until the condition testing is settled.

4 Evaluation of the Effectiveness of
Conditional Annulling

To evaluate the effectiveness of the conditional annulling

~ mechanism, we use the demonstration superscalar proces-

sor model as the target machine. The benchmark pro-
cess is conducted through first feeding the benchmark pro-
gram into a compiler that generates the object code for
our demonstration superscalar processor. Then, the ob-
ject code, along with a set of input data, are fed into an
architectural simulator that emulates the operation of our
demonstration machine to count the execution time of the
benchmark program. Table 1 shows the execution time
data collected in benchmark runs. A description of the
benchmark programs is given in-Table 2. We expect the
conditional annulling mechanism will be most effective in
scheduling instructions within inner toops. Therefore, in
our evaluation, we selected mainly programs with such
characteristics.

The first column of data in Table 1 is the reference of
the speedup measurement. It is the execution time of our
demonstration superscalar processor when it is reduced to
issue one instruction per clock cycle. The second column
of data is the speedup of our demonstration superscalar
processor if the conditional annulling mechanism is not
turmed on. Though conditional annulling is turned off in
this case, the compiler still performs global register alio-
cation, list scheduling within basic blocks, and constant
propagation within basic blocks. The third column of data
is the speedup of our demonstration superscalar processor
if the conditional annulling mechanism is tumed on. From
the data in columns 2 and 3, we can conclude that con-
ditionat annulling is an effective mechanism to enhance
superscalar processor processing power.



add sum, R2, sum, BF2;
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{19 mov head,Rl;
(I110) 1d [Rl+data),R2,BF2; (I11)  jump LI;
(112) cmp R1,0; /x delay slot of jump «x/
L2: (I13) cmp R1,0;
Ll: (I14) bne L2,BF2; (I15) ld [Rl+next],R1,BF2; (I16)
(I17) 1d [R1l+datal,R2,BF2; /% delay slot of bne x/
Figure 4: Example of speculative data preloading
Benchmark  Description
binary binary search of an item in an array.
bubble bubble sort of an integer array. tecture, 1986.
fib enumeration of Fibonacci sequence
by recursive calls. (5]
ged finding greatest common divider of
two numbers.
pat pattern matching in an integer array.
perm enumeration of all permutations of an 61
array by recursive calls.
qsort quick sort of an integer array. N1, and Hwu, WM,
sieve sieve of Eratosthenes
Table 2. Description of the benchmark programs )
5 Conclusion
in this paper, we proposed the conditional annulling mecha- i8]
nism for superscalar processors. The conditional annutling
mechanism achieves both the effects of conditional execu-
tion and speculative execution and requires no sophisticated 9]

hardware for implementation. An effectiveness evaluation
carried out in this paper shows the conditional annulling

mechanism is effective in improving superscalar processor
instruction scheduling.

Hennessy, J.L.., and Patterson, D.A, Computer Archi-
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