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ABSTRACT

A general weakness of Pipeline Computers is 'bubbles' in the pipeline due to
conditional branching. Most of the solutions to the branch problem attempt to predict whether or
not a branch will be taken. If the prediction is correct, then initiation of the correct sequence of
instructions can continue without delay. In this report, the performance of a Pipeline Processor
is analysed to give a measure of the efficiency or utilisation of pipeline segments in terms of
the probability of correct branch prediction (referred to as the prediction accuracy).

The analysis is based on the space-time relationship. The performance of a Pipeline
Processor with unequal segment times is analysed noting that the two types of conditional
branch instructions in the instruction sets of computers have different effects on the
performance. The result of the analysis enable one to study the sensitivity of the performance of
a Pipeline Processor to the number of conditional branch instructions and the probability of
correct branch prediction as well as to estimate the utility of the different branch prediction
strategies that have been proposed recently [2]. Although it is extremely difficult to obtain the

value of 1 for prediction accuracy, this study reveals that a value of 0.8 can give reasonably
good values of utilisation.



1. Introduction

A common architecture of most of today's supercomputing machines revolves around
pipeline processing. However, a general weakness of Pipeline Processors is 'bubbles' in the
pipeline due to the presence of conditional branch instructions in an instruction stream.
Although a great deal of effort has been invested in overcoming the performance degradation due
to the presence of conditional branches, its adverse effect cannot be overcome completely.
Performance degradation from branches in the instruction stream can be reduced in a number of
ways namely loop buffers, multiple instruction streams, prefetch branch target, delayed branch,
taken/not taken switch and the branch target buffer. Most of the recent approaches to the branch
problem attempt to predict whether or not a branch will be taken. If the prediction is correct, then
execution of the correct sequence of instructions continues without delay. But if the prediction is
wrong, the initiated instructions have to be 'squashed'. The performance of a Pipeline Processor
therefore depends on the prediction accuracy i.e., on the probability of correct branch prediction.
In this report, the performance of a Pipeline Processor is analysed to give a quantitative measure
of the performance, relating it to the probability of correct branch prediction.

Performance of Pipeline Processors has been studied by a number of researchers.
Chen [4] was the first to suggest the derivation of an expression for Utilisation or Efficiency of a
Pipeline Processor from the ‘space-time relationship. The processing of an instruction stream
requires the occupation of equipment space ( i.e., pipeline segments ) over certain lengths of
time. This is represented by the enclosed area of space-time diagram as in Figure 1(a), which
shows the actual segment usage involved in the processing of L instructions of a job in a four
segment pipeline. In [4], the Efficiency or Utilisation of a Pipeline Processor in executing a job
has been given by the ratio of space-time of job to the space-time area swept by Pipeline
Processor, when all the pipeline segments take the same amount of time for execution, successive
instructions are independent and there is a steady flow of instructions through the pipeline.
Ramamoorthy and Li [5] have given an expression for Efficiency when segment times are
unequal and successive instructions are independent. Both Chen [4] and Ramamoorthy and Li [5]
have given expressions for Efficiency on the assumption of a steady flow of instructions
through the pipeline, which unfortunately does not hold in practice due to precedence
constraints. Baskett and Keller [6] have reported the results of the studies conducted for
evaluation of the performance of CRAY-1 computer while Holgate et. al. [7] have given the
results of measurements made by hardware monitoring on MUS system. Ramamoorthy and Wah

[8] have studied the degradation in memory utilisation in a pipelined processor due to



dependencies in the instruction stream.

In a Pipeline Processor, the different segments usually take different amounts of time
for performing the assigned suboperation and the throughput is governed by the speed of the
slowest segment referred to as the ‘bottleneck'. Here the expression for Efficiency or Utilisation
of pipeline segments is deduced from the space-time or the geometric model for a pipeline with
unequal segment times incorporating the effect of conditional branches and the probability of
correct branch prediction. Study of the instruction set of different computers reveals that most of
them have two types of conditional branch instructions: those which branch to a target
address depending on the testing of the condition code set by some previous instruction
and those which transfer control to some address depending on the outcome of certain
computation which it performs. They have different effects on the pcrfoi‘mance and the analysis
takes this into account. To the author's knowledge this is the first time that such an analysis is
done. The results given here enable one to study the sensitivity of the performance of a pipeline
processor to various factors including prediction accuracy. The simplicity of the analysis
followed for obtaining the values of the different parameters makes the methodology attractive.

For the purpose of analysis, it is assumed that the Pipeline Processor is provided with
a fully asynchronous control structure i.e., it allows independent instructions after the conflicting
one to continue. This overcomes the problem created by data dependencies among the
instructions. Further, the pipeline has multiple arithmetic logic units to avoid the effect of
operational dependency. Therefore the performance of the pipeline is degraded only when a
branch instruction is encountered. The expression for Efficiency is deduced in terms of the
number of conditional branch instructions and the total number of instructions executed. These
can be estimated from the run time characteristics of a program to determine its suitability for
processing on a Pipeline Processor.

The methodology followed here is illustrated in section 2 by taking the case when
successive instructions are independent. In section 3, this technique is applied to obtain all the
necessary expressions in the more general case. The effect of prediction accuracy 1is taken into
account in the expressions deduced in section 4.

2. Efficiency with no Precedence Constraint

In this section, an expression for Efficiency is deduced for a pipeline with s segments,
when instructions are independent and segment times are unequal.
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Let the segments of the pipeline be S15 895 S3pueveene , S
Time required by segments s, s,, ...... , 8 are t;, by, t3,...., t, respectively.

The processing of a sequence of L instructions is analysed.

Each instruction occupies a space time X%_; t, assuming segment space to be unity.

Space-time area of job consisting of L instructions =L £°%_; t,

Space-time area swept by pipeline processor will include the time lost before the first result is
outputted i.e., during initialisation and also during termination of last instruction.

If segment times are equal to T, then
Space-time lost due to initialisation = X5%_; (s-j) <

wherctl=t2=t3= to=t=1T

Space-time lost during termination = Y51 jui 1
Total space-time lost due to initialisation and termination is by the addition of the above two
expressions = s(s- 1)1

The space-time diagram may be recast for L > s, as shown in Figure 1(b)

Time required for outputting the first instruction = 2°_; t,

For L-1 instructions, the space-time area swept by Pipeline Processor

=s(L-1) * max 4 T O o)

=s(L-1) t

where t, corresponds to the time of the slowest segment of pipeline called the 'bottleneck’ =

max ( ty, Tas wivns t)

Efficiency m = space-time of job
space-time swept by a pipeline processor

Lzsi=1 tl
st + s(L-1) ty

If segment times are equal then t, = b=t=.=t="1



then Efficiency 1 = L. as shown by Chen [4]
s+L-1

3. Efficiency with Procedural Dependency

The above analysis holds for a continuous excitation of the pipeline assuming no time is
lost for satisfying dependencies among instructions, which delays the execution time of the
program and results in lower utilisation of the pipeline segments and loss of Efficiency.
Maximum penalty is paid when the result of instruction i is used by instruction i+1. When

segment times are assumed equal to T, a maximum delay of (s - 1) T may be introduced into
the stream for satisfying a dependency, if conflict is detected in the first stage of the pipeline.
In a Pipeline Processor instructions are normally executed in sequence till a branch instruction
causes a disruption of the sequence. If the instruction is an unconditional branch, then the
dependency can be resolved without much delay and removed by fetchin g the correct sequence
of instructions. But, if it is a conditional branch instruction, data test has to be made for the
specified condition. Only then can the correct sequence of instructions be fetched and execution
of the instructions is held up till the condition is tested and branch path determined. Here the
degradation is serious and unavoidable.

As in section 2, for simplifying the analysis it is assumed that the Pipeline Processor
is equipped with a fully asynchronous control structure which allows independent instructions
after the conflicting one to continue and the pipeline has a number of arithmetic logic units so
that there is no delay due to contention for the execution unit. It is assumed that no computation
is required for branch address calculation such as addition of displacement to a base or index
register. The instruction fetch stage may have a buffer for storing instructions in order to reduce
main memory access and has logic for prefetching the branch target. That is, when a branch is
recognised, a special mechanism calculates and prefetches the target of the branch. Thus, if the
branch is found to be taken, the target instruction is loaded immediately into the instruction
decode stage of the pipeline, with no additional delay for fetching the instruction.

Conditional branch instructions in an instruction stream are of two types: those
which branch to a target address depending on the testing of the condition code set by some
previous instruction and those which transfer control to some address depending on the
outcome of certain computation which it performs. For example in IBM 360/370 system



[10], branch instructions with pnemonics BC and BCR fall into the first category and BXLE,
BXH, BCT, BCTR are of the second type. Let the number of instructions in these two

categories be d, and d, respectively. Let d, be the number of unconditional branch instructions

in an instruction stream among the total number of instructions L.

T is the segment time.

If N be the number of instructions in between the instruction setting a condition code and the
instruction which tests this result then for N 2 s - 1, no delay is encountered .

For N <s - 1, the dependency causes a delay of (s - 1- N) t to the execution time of the

program.

Conditional branch instructions of the first type ( i.e., d, ) and Unconditional branch
instructions (i.e., dy) are assumed to occupy no segment space .

Then, space-time of job = (L - d, - dy) st

Space-time lost waiting for condition code generation for one conditional branch instruction =
(s-1-N)st

Total space-time lost waiting for condition code generation due to d,branch instructions would
be:

dis-Dst- (%, N;) st =d; [s-1-N, 1sT, where N, is the number of
instructions in between the instruction setting a condition code and the branch instruction

testing it for the i th branch instruction and N,, = Average value of N;= X%, N,/d,

Conditional branch instructions of the second type cause serious degradation
in performance as successive instructions cannot be initiated till these branch instructions finish
the computation and determine the target address. If the target instruction is present in the
instruction buffer in the Instruction Fetch stage, then memory access time may be neglected.

For each of this type of instruction, the execution of the instruction stream is delayed by (s - 1)
T time units.
Hence space-time lost due to d, conditional branch instructions is d,(s-1)sT

It has already been shown in section 2 that the space-time lost due to initialisation and

termination operation= s (s- 1) T



Total space-time area swept by Pipeline Processor =

s(s-Dt+dy(s-1-Ny)st+dy(s-1)st+(L-d-dy) st

Therefore, Efficiency 1 = (L-d-ds)sz
L-dj-dg)sT+s(s- 1) t+di(s- 1-N, ) s T+dy(s- 1) s T

= (L-d,-d,) (1)
(L-dp-dy) +(s-1) +d; (5 -1-N, ) +d, (s - 1)

When segment times are unequal the following holds:
Space-time of job = (L-d;-d;) X%, .
Space-time area swept by Pipeline Processor is obtained from the recast space-time diagram in

the same way as discussed in section 2 and is given by

SLZ%cy +{dy(s-1-N,) + (L -d;-dy-1) +dy(s -1)} t,]

Therefore, 1 = (L-d-d;) Z%  t 2)
s Z%q t +s {d; (s-1-N,,) +d,(s-1) +(L - d;- dy-1)} t,

4. Effect of Prediction Accuracy

Review of the mechanisms that have been proposed for reducing the delay due to
presence of conditional branch instructions in an instruction stream reveals that an acceptable
solution has to be based on predicting whether or not a branch will be taken and conditionally
forwarding the next instruction to the pipeline either from the target address or from the next
sequential address depending upon the guess. If the prediction is correct, then execution
continues instantaneously without time delay. To take the effect of prediction into account the
expression for Efficiency deduced above is modified, as correct prediction will reduce the
waiting time, This is done as follows.

If p is the probability that the branch prediction is correct (which is referred to



as the prediction accuracy ), then the value of the Efficiency can be obtained by substituting

d;*(1 - p) and d,*(1 - p) for d, and d, in the expressions (1) and (2) deduced above.

In this case, the expression for 1 is as follows:

mn= {L -dlﬂ- p) - Q3ﬁsi=1 t; (3)
s %1 t, +s{ d,(1- p)*(s- 1- N,,)+ 4(1-p)*(s-1)+L -g,(1-p) - dy -1}ty

When segment times are equal, the value of T becomes,

n= {L-d,(1-p) -d,} 4)
s +d (1-p)*(s -1- N,.) +d,( 1- p)*(s - 1) + L- d,(1-p) -d; -1

The expressions (3) and (4) deduced above enable one to study the sensitivity

of the performance of a Pipeline Processor to the prediction accuracy. The variation of 1 with p

may be obtained from this expression for different values of d;,d;,dy,Land N, fora

pipeline with s number of segments. Values of d;, dy, d;, L and N,, can be obtained by

dynamic measurement on application programs. In Figure 2, m is plotted against p for some
typical values of d;, d,,d;, L and N,, to show the variation of Efficiency with the prediction

accuracy for a five segment pipeline with equal segment times. The results plotted in the graph
of Figure 2 indicate that a prediction accuracy of 0.8 can give reasonably good values of
utilisation of pipeline segments.

4. Conclusion

Here an expression for efficiency of a Pipeline Processor has been deduced in terms

of L,d;,dy,d3, Ny, and p. Efficiency or Utilisation of the segments of a Pipeline Processor

varies with the number of different types of branch instructions in an instruction stream, which
in turn depends on the application program. While the degradation in the performance of a
Pipeline Processor due to the presence of conditional branch instructions can not be nullified

with all the methods that have been tried, research on Pipeline Processors is presently directed
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at reducing its adverse effect. The design philosophy for that purpose has centered around
predicting the branch direction whenever a conditional branch instruction is encountered.
Correct prediction enables initiation of instructions without any delay. Many strategies have
been studied [2][3] for the improvement of the prediction accuracy and the results indicate that
it is extremely difficult to obtain the value of 1 for p. However, this study reveals that a
prediction accuracy of 0.8 gives reasonably good values of utilisation. It should be mentioned
here, that this value of prediction accuracy can be obtained with most of the branch prediction
strategies that have been proposed.

Although the performance of Pipeline Processors has been studied in the past, this
the first time that an expression has been deduced from the geometric model which enables one
to study the sensitivity of the performance of a Pipeline Processor to the value of prediction
accuracy. Here the main aim has been to develop a methodology which can give an
expression for efficiency by simple analysis. Besides studying the effect of prediction accuracy
on the performance of a Pipeline Processor, the expressions deduced in this report can also be

used to determine the suitability of a program for processing on a given Pipeline Processor. For
this, the values of d;, dy, d3, L and Ny, have to be measured dynamically i.e., during

execution of the program.
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