OPTIMAL PIPELINING IN SUPERCOMPUTERS

Steven R. Kunkel and James E. Smith

Department of Electrical and Computer Engineering
University of Wisconsin-Madison
Madison, Wisconsin 53706

Abstract

This paper examines the relationship between the degree of cen-
tral processor pipelining and performance. This relationship is studied
in the context of modern supercomputers. Limitations due to instruc-
tion dependencies are studied via simulations of the CRAY-1S. Both
scalar and vector code are studied. This study shows that instruction
dependencies severely limit performance for scalar code as well as
overall performance.

The effects of latch overhead are then considered. The primary
cause of latch overhead is the difference between maximum and
minimum gate propagation delays. This causes both the skewing of
data as it passes along the data path, and unintentional clock skewing
due to clock fanout logic. Latch overhead is studied analytically in
order to lower bound the clock period that may be used in a pipelined
system. This analysis also touches on other points related to latch
clocking. This analysis shows that for short pipeline segments both the
Earle latch and polarity hold latch give the same clock period bound
for both single-phase and multi-phase clocks. Overhead due to data
skew and unintentional clock skew are each added to the CRAY-1S
simulation model. Simulation results with realistic assumptions show
that eight to ten gate levels per pipeline segment lead to optimal
overall performance. The results also show that for short pipeline seg-
ments data skew and clock skew contribute about equally to the degra-
dation in performance.

1. Introduction

Pipelining is an essential element of modern supercomputer
design. Each new supercomputer generation has used a higher degree
of pipelining than its predecessor. Furthermore, pipelining is becoming
important in other, lower performance computer systems. Pipelining is
a very appealing design technique because it offers a theoretical
speedup of N when N pipeline stages are used. There are, however,
practical constraints that limit the performance increases that are possi-
ble. These are:

(1) Instruction dependencies that cause the pipeline to be less than
100 percent utilized;

(2) Latch overhead that tends to aggravate the effects of instruction
dependencies, as well as placing some fundamental limitations on
the clock frequency (and the degree of pipelining) that can be
used;

(3) Control path limitations that force a minimum amount of logic
to be placed between pipeline segments.

In this paper, we study the relationship between the theoretical
linear speedup that pipelining offers and the practical limitations. One
goal is to determine the ultimate performance improvements that are
possible through pipelining. Another goal is to study optimal latching
and clocking methods in pipelined computers. In order to increase its
usefulness, this study is made in the context of current supercomputer
technology, design techniques, architectures, and compilers.
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1.1. Imstruction Dependencies

Instruction dependencies, involving both data and control infor-
mation, limit performance because they reduce the amount of the
potential parallelism that is actually realized. Such dependencies are a
very important practical limitation, and are a property of the algo-
rithms, programs, and compilers. Hence, in order to arrive at meaning-
ful results we study them using simulation of a state-of-the-art pipe-
Lined computer system, the CRAY-1S. !

1.2. Latch Overhead
There are three main components to latch overhead.

(1) Propagation delay through storage elements can cause extra
pipeline latency. Careful latch design can significantly reduce
this component of latch overhead, and we discuss such latch
designs in Section 3.

(2) Data skew is the difference between the maximum and minimum
signal propagation times through combinational logic between
pipeline stages, and in the latches that separate the stages. This
skew occurs even if the clock signal to the latch is perfectly con-
trolled, and it forces constraints on the clock period in order to
ensure reliable latching of data.

(3) Clock skew, due primarily to differences between maximum and
minimum delays in clock fanout logic, causes an unintentional
variation in the arrival time of the clock at succeeding latches in
a pipeline. This unintentional skew increases the clock period
necessary to ensure reliable latching of data.

1.3. Control Path Limitations

Control information must pass down the stages of a pipelined
computer, just as the data does. It is often more difficult to sub-divide
control operations than data operations, however. For example, control
logic is required to interlock pipeline stages. These interlocking opera-
tions can not be sub-divided while maintaining an execution rate of one
instruction per clock period.

Consider the instruction issue logic in the CRAY-1S. At the
time an instruction is issued to the execution units, any register that the
instruction uses must not be reserved for a result by an earlier instruc-
tion. If the operand registers are all available for use, the current
instruction reserves its result register as it issues. In order to issue an
instruction every clock period, however, checking the register reserva-
tions and reserving the result register must both be performed in the
same clock period. Because of the indivisibility of this operation, there
is a minimum logic delay that limits the clock period that can be used.

Control path limitations are a very important design considera-
tion. The best solution is a clean architecture; those designed by S.
Cray are excellent examples. Because a study of control path limita-
tions would involve architectural and detailed logic design alternatives
that are beyond the scope of this paper, we will not consider them.

1Although the CRAY-1S is older than the CRAY X-MP and CRAY-2, the major
differences between a CRAY-1S cpu and the newer models are in the gate and packaging
technology, not the cpu architecture and logic design techniques.



1.4. Previous Research

The problem of detecting and utilizing independent instructions
in a single instruction stream has been studied previously [RIS72,
FOS72, TIA70, SHA77, NIC84]. In most of these studies, however,
pipelining was not specifically studied, and an infinite hardware
machine was assumed so an upper limit on the available parallelism
could be determined. Hence, these studies are more theoretical than
ours.

In the area of latch timing, Cotten [COT65] developed some
basic timing constraints, and looked at maximum clocking rates in
1965. Hallin and Flynn [HAL72] developed timing constraints for the
Earle latch (to be described later) without considering clock skew or
data skew. Later Fawcett [FAW75] expanded these timing constraints
to account for these skews. A summary of Fawcett’s work is given
later along with additional analysis. .

Some of the practical limitations on pipelining caused by control
paths are discussed in [ANDG67]. There is also some interesting discus-
sion about design of highly-overlapped computer systems in [THO70].

1.5. Paper Overview

Section 2 describes the simulation method and pertinent assump-
tions. Section 3 is a simulation study of the importance of instruction
dependencies; latch overhead is neglected. Section 4 discusses latch
overhead due to propagation delays in latches. Latch designs that
minimize latch propagation delays are discussed. Section 5 discusses
latch overhead due to data skew; the clock is assumed to be perfectly
controlled. Unintentional clock skew is studied in Section 6, and there
is a further simulation study with clock skew included. Section 7 con-
taing a summary and conclusions.

2. Simulation Method

We use the CRAY-1S, CFT FORTRAN Compiler (version 111g)
and the first 14 Lawrence Livermore Loops [MCM72). The CFT com-
piler is a mature compiler that accurately represents the state-of-the-art,
at least for the specific workload we are using. The Lawrence
Livermore Loops are chosen because they are small enough to be
simulated for a large number of cases, are representative of a class of
real programs, and are widely used for comparing the performance .of
pipelined computer systems. Furthermore, by using a set of standard
benchmarks with a well-documented computer, our experiments are
repeatable by other researchers. The simulator used is described in
[PANS3].

In the initial part of our study, we neglect latch overhead. We
first calculate the total lengths of the various pipelines in the CRAY-
1S, measured in gate levels. These base numbers are derived using the
fact that there are eight levels of gates between latches in the CRAY-
1S. The pipeline lengths in clock periods are given in the CRAY-1S
hardware reference manual [CRA79].

If a pipelined operation requires n clock periods, we estimate
that between 81 and 8(n — 1)+ 1 =8n — 7 gate levels are needed.
The minimum number comes about because if one fewer gate level is
used, i.e. 8(n — 1), then one fewer pipeline segment can be used. For
example, the floating point adder in the CRAY-1S is six clock periods
long and the number of gates per clock period is eight. Therefore the
maximum number of gate levels possible is 48 and a reasonable
minimum is 41. Because there is an uncertainty in the number of gate
levels, it is possible to calculate a range of performance levels. Con-
tinuing with the example of the floating point adder, suppose the clock
frequency is changed so that there are four gate levels in each segment.
Using the maximum number of gate levels, 48, the new adder has 12
segments. But, using the minimum number of gates levels, 41, the
adder has only 11 segments. In our study, we simulated both endpoints
of the range to yield a maximum and minimum performance.

We simulated pipeline segments varying in length from two gate
levels to 16 gate levels at even numbered intervals and 32 gate levels.
In all the simulations, we used code exactly as it is scheduled for the
CRAY-1S. Because the ratios of the pipeline lengths remain the same,
the code schedule is of the same quality in virtually all the cases. The
only exceptions occur because of scheduling conflicts involving the
result -buses that feed into the register files. In these very few cases,
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some of the code runs slightly faster when a larger number of gate lev-
els is used (giving a slightly longer pipeline) than when a smaller
number of gate levels is used.

Seven of the 14 Lawrence Livermore loops are vectorized by the
CFT compiler. Because the operations that flow down a vector pipeline
are by definition independent, one would expect significantly better
performance on vector code than on scalar code. For this reason we
give separate performance numbers for the vectorizable loops, the
scalar loops, and the combination.

To measure performance, first the computation rate in Millions of
Floating Point Operations per Second (MFLOPS) was generated for
each loop. These numbers were used to compute the harmonic mean
MFLOPS. The harmonic mean was chosen because it is a much more
meaningful measure than the more common arithmetic mean (WORS84].

Informally, to compute the harmonic mean one should first com-
pute the time, T;, it takes to execute exactly F (F can be arbitrarily
chosen) floating point operations in each of the loops L;. Then the har-

monic mean performance for m loops is . If the MFLOPS rate

m
2T
i=1

i=
for loop i is M;, it can be shown that the harmonic mean also equals
m

S

i=1 "

3. Instruction Dependencies

An instruction may be dependent on an earlier instruction for
either data or control. A data dependency occurs, for example, if one
instruction computes a result that is used as an input operand by
another. A control dependency occurs in the case of a conditional
branch where the execution of an instruction following the branch is
dependent on the branch outcome. More complete discussions of the
types of instruction dependencies that can occur are given in [KUC78].

Instruction dependencies limit the efficiency of a pipelined sys-
tem. For example, in a straightforward pipeline design if two consecu-
tive instructions passing down the pipeline are dependent, then the
second must wait for the first to complete before the second can begin.
Pipelining is wasted because instruction execution is not overlapped
and pipeline segments sit idle.

The effects of dependencies can be handled to some extent by
the compiler, and/or clever pipeline design. For example, the compiler
can schedule the instructions so that consecutive instructions tend to be
independent. There are limits, however, to the number of independent
instructions that can be found. Conditional branches pose a particular
problem because the possibilities for scheduling them are much more
limited than for other instructions.

For a high degree of pipelining, the theoretical peak throughput
is increased, but the pipeline may be used inefficiently because there
are not enough independent instructions to keep it full. Conversely, if
there is a low degree of pipelining, it is relatively easy to keep the
pipeline full, but its peak throughput is reduced. This tradeoff is of
course dependent on the problem, algorithm, program, and even the
programming language. Hence, we study instruction dependencies
through simulation with realistic computers and programs.

3.1. Simulation Results

The results of the first set of simulations which neglect latch
overhead are shown in Table 1. The results are all normalized to the
performance for the combined loops when eight gate levels are used
(the same as in the CRAY-1S). In the tables and graphs that follow
there is a minimum and maximum performance given that bounds the
range of possible performances. This arises because of uncertainty in
the number of pipeline segments as described in section 2. Obviously,
the maximum performance is achieved when the minimum number of
pipeline segments is used for a given number of gate levels per seg-
ment.

The data in Table 1 shows that the performance for scalar and
combined code is significantly less than the performance that would be



7 scalar loops 7 vector loops | 14 combined loops
gate levels
per segment| max min max min max min
2 0.78 0.67 11.90 | 11.20 147 1.27
4 0.70 0.65 7.03 6.90 1.28 1.18
6 0.65 0.59 5.04 494 1.15 1.05
8 0.57 0.57 3.88 3.88 1.00 1.00
10 0.55 0.52 3.18 3.15 0.93 0.89
12 0.50 047 2.68 2.66 084 0.80
14 045 043 233 230 0.76 0.73
16 0.40 040 2.04 2.04 0.66 0.66
32 0.23 0.23 0.94 0.94 0.37 0.37

Table 1. Normalized performance with no latch overhead.

theoretically predicted if there were no data dependencies. For exam-
ple, the performance with two gate levels should theoretically be four
times the performance with eight gate levels. However, the results
show a maximum increase in performance of 23% over this interval.
This deviation from the theoretical peak becomes larger as the number
of gate level becomes smaller. The gain achieved in going from eight
to four gates per segments is only about two thirds of that achieved in
going from sixteen to eight gates per segment. Performance for the
seven loops that vectorize does not deviate as significantly from the
theoretical as it does for the scalar loops.

For vector code, the performance increases almost linearly with
the increasing clock frequency. When the scalar loops and vector
loops are combined the curve more closely resembles that of scalar
loops by themselves because of the well-known dominance of the
slower code [WORS81].

4. Latch Propagation Delay

This section is the first of three that study latch overhead. We
separate the three components of latch overhead in order to measure
the contribution of each to performance degradation. Our discussion
concentrates on latch designs that minimize the effects of latch propa-
gation delay.

4.1. The Earle Latch

Latch propagation delay occurs in gates used to construct latches.
A distinguishing characteristic of propagation delay is that it would be
present even with skewless gates, i.e. all gates have exactly the same
propagation delay. A latch typically has a propagation delay from
clock to output of at least two gate delays. While this may be
insignificant in some systems, it is a major concern in pipelined sys-
tems when the clock period becomes very short. To reduce its
significance, J. G. Earle introduced a latch that was used in carry-save
adders for the IBM360/91 [EARG65). The so-called Earle latch can be
used for any combinational logic function, however, not just carry-save
addition.

Fig. 1a is a simple Earle latch; the NAND gate equivalent is, of
course, more commonly used in practice. This latch performs two lev-
els of useful logic as well as the latching function. There is no added
propagation delay beyond that needed to perform the useful function.
This enables the overhead due to propagation delay through latches to
be essentially eliminated. As an example of the way a combinational
function can be built into an Earle latch, Fig. 1b is a 2-to-1
multiplexer/latch.

4.2, The Polarity Hold Latch

The polarity hold latch is a simplified form of the Earle latch
(see Fig. 2). It does not use the center AND gate that protects against
a logic hazard. This logic hazard can be avoided by intentionally
skewing the C and C signals properly. In practice, this reduction in
gate usage is attractive not only because it is cheaper but also because
it reduces fan-in at the output gate. Polarity hold latches are used in
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b) Earle latch with built-in multiplexer
Fig. 1. Earle latches

pipelined CPUs designed at CDC, Cray Research, and thg Amdahl Cor-
poration. As we shall see, however, clock skew constraints are tighter
for polarity hold latches than for Earle latches in order to avoid logic
hazards.

Because Earle and polarity hold latches can eliminate propaga-
tion delay, we assume their use throughout the rest of this paper. Other
causes of latch overhead are examined in the context of Earle and
polarity hold latches.

5. Data Skew

Data skew occurs because gates used to implement latches and
combinational logic between latches have different propagation delays.
In order to isolate the effects of data skew, we assume the logic used
for clock fanout has no unintentional skew due to gate delay
differences. That is, clock signals reaching the latches are perfectly
controlled.

The distinction we are making between intentional skew and
unintentional skew should be carefully noted. It is often necessary to
intentionally skew clock signals. This is done in the case of multi-
phase clocks, and in controlling the C and C signals to avoid hazards.
Unintentional skew is due to imperfections in the clock distribution
network and fanout logic. While unintentional clock skew is ignored
in this section, it is the primary topic of the next section.

DATA
CLOCK

CLOCK

Fig. 2. Polarity hold latch



A basis for the analysis given here for the Earle latch is
presented in [FAW75). As shown in Fig. 1, the Earle Latch actually
has two clock signals, one is the complement of the other. Our
analysis assumes that the width of the Cj, pulse is the same as the
width of the C;,,, pulse.

We now introduce Fawcett’s terminology.

£max - maximum propagation delay time for a logic gate (NAND
gate)

tmin - minimum propagation delay time for a logic gate (NAND
gate)

Chign - the duration of C = 1 (clock high)

Cipw - the duration of C = 0 (clock low)

P - maximum delay time on the maximum delay path from the
output of a latch to input of next latch. This does not
include any delay for the latch itself.

Prin - minimum delay time on the minimum delay path from the
output of a latch to input of next latch.

S(X,Y) - This quantity is the skew between the edges X and Y and
is always positive. It is the difference between the arrival
of edge X and edge Y. If Y arrives before X, the quantity
is zero.

AS(X,Y) - This quantity is the algebraic skew between the edges X
and Y and can be positive or negative. It is the difference
between the arrival of edge X and edge Y. If Y arrives
before X, the quantity is negative.

Uy - This quantity is the uncertainty of X. It represents the

quantity such that X lies in the interval (X ~ Uy, X + Uy).

5.1. Timing Constraints on Earle Latches

Repeating the work of Fawcett, we give four timing constraints
on the clock signal. These constraints are discussed only briefly; we
regret that space does not permit a more complete explanation of
Fawcett’'s work. The first constraint is on the minimum width of the
clock pulse Cy,,. The pulse has to be wide enough to ensure that
valid data is stored in the latch. That is, it must be wide enough to
allow data to propagate from the D input to the latch output, then to
feed back around to be latched. This gives

Ch,";. 2 3tm = tmin t+ S(Cm, Cf,u). 1)

The second timing constraint is on the maximum width of the
clock pulse Cyign. Obviously, the clock width must be shorter than the
minimum propagation delay from the input of one latch to the input of
the next, assuming no intentional clock skew. Two other terms must
be added to allow for skewed clocks. The precise constraint is

Chigh + AS(Ci_ vices Ci yise) S 2y + Py — s(éfalty Crise) @
— max[0, {yux — tmin + AS(Crises Cran)l-

Fawcett’s third constraint is on the minimum clock period,

Chigh + Ciw. This constraint arises because the latch can not be

clocked until the data from the previous latch has arrived. Thus the

minimum clock period must be longer than the maximum propagation

delay from the input of one latch to the input of the following latch.
The complete expression derived by Fawcett is

Chigh + Ciow + AS(Cizt siser Cirpire) Z 2max + Progx + S Crises Cran) (3)

Fawcett combined the three constraints to arrive at an alternative lower
bound on the clock period:

Clu"ll +Clow 2 Prux — Poin + 5t max — M min
+ 28 (Crise» Cran) + S (Crans Crise)
+ max[0, £y — tin + AS Cran, Crie)]-

@

This concludes our initial summary of Fawcett’s work. What
follows in this subsection and in succeeding subsections are extensions
and further analysis of the timing constraints.
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Fawcett’s work allows for the possibility of multi-phase clocks.
We will consider both single and multi-phase clocks. The pipelined
computers produced by Cray Research, CDC, and Amdahl all use sin-
gle phase clocks. We do not consider C and C going to a single latch
as a multi-phase clock. In a typical supercomputer system, a single
clock waveform is generated and distributed to the logic chips
(modules in the case of the CRAY-1S). On each chip, there is a
"clock shaper” circuit that, among other things, produces both the C
and C signals.

If we restrict ourselves to an ideal, single phase-clock then
Ci-trise = Ciyise- Also, (3) gives a minimum clock period if the clock
signals can be controlled so that Cy,, precedes C,;,, making the last
term zero. Thus for an ideal, single phase clock we can derive a lower
bound on the clock period using (3).

Clock Period Bound: Earle Latch, Single Phase Clock
Chigh + Ciow 2 2oy + Proay,  provided AS(Cry, Cran) 0. (5)
For a multi-phase clock, we can derive a lower bound on the
clock period using (4).
Clock Period Bound: Earle Latch, Multi-Phase Clock

Cu‘;, +Cm Zme—Pnﬂn+6’nux_4tmin,

(6)
provided ~(tyax — tig) S AS (Cran\Crise) < 0

5.2. Timing Constraints on Polarity Hold Latches

Because the polarity hold latch is an Earle latch with the hazard
gate removed, the clock signals must be intentionally skewed to ensure
proper operation of the latch. This additional constraint can be
expressed as

AS(Criser Cran) € = (tmax — temin)- )]

Applying (7) makes some of the terms in (1), (2), and (3) zero, simpli-
fying them to (8), (9), and (10) given below.

Clu'gll 2 3tmax = Imin, (8)
Chigh + AS(Ciotriser Ciyise) < 2temin + Prmin — S Craits Crige). 9)
Clu'gh + Clow + AS (Ci-l,n'.rn Ci,n‘.u) 2 2‘max + Pmu (10)
For an ideal, single phase clock C;_y i, = C; i, Which reduces
(10) to the following lower bound on the clock period.
Clock Period Bound: Polarity Hold Latch, Single Phase Clock
Cln'gh + Clow 2 2t max + Poaxs (11

provided AS(Cyiser Cran) S — (tmax — tmin)-

For the case in which a multi-phase clock is used, the same
optimization technique that Fawcett used can be performed on (8), (9),
and (10) yielding,

Chigh + Ciow 2 Prnax — Poin + 5tinax = 3tmin + S (Crany Crise). (12)

Considering (7), (12) can be reduced to a lower bound clock
period for multi-phase clocks.

Clock Period Bound: Polarity Hold Latch, Multi-Phase Clock

Chigh + Ciow 2 P rnax = P i + 6 mnay = Htpmin, 13)

provided AS(C ., C_'f,.u) € — (tmax — tmin)-

We have shown that the Earle latch and the polarity hold latch
have the same lower bound on the clock period for both single and
multiple phase clock. The difference is that the constraint on the inten-
tional clock skew is more restrictive for the polarity hold latch if the
bound is to be met. This implies that more careful control over the
clock signals is required.



5.3. Latch Overhead

We are now ready to analyze the latch overhead due to data
skew. We emphasize single phase clocks with polarity hold latches
because they are commonly used in practice. Some discussion of
multi-phase clocks and Earle latches is also included, however.

Let n be the number of gate levels between latches (this does not

include the two gate levels in the latch, itself). Considering that useful -

logic can be performed in the latches, there are a total of n+2 useful
gate levels in each pipeline segment. We assume an equal number of
gate levels on all paths. The generalization to different length paths is
straightforward. Equal length paths tend to allow shorter clock periods,
however. For example, note the importance of P,y — Py in (4).

Let r be the ratio of the minimum gate delay to the maximum.
Then ¢, = rtm,. For simplicity, we begin by assuming all delays are
concentrated in gates, not in wires between gates. In practice, one can
add wire delay following a gate to the gate, itself. Later, when we need
to intentionally add extra delay to paths, we do consider separate wire
delays.

Because delays are assumed to be in the gates, P, = 2t 5y, and
P min = M min = Wgax.
5.3.1. Polarity Hold Latch; Single Phase Clock
For a single phase clock, (11) becomes
Clu"h + Cro 2 (1 + 2 pax (14)

For a single phase clock, however, any clock period lower bound is
subject to a lower bound on P, that comes from combining (8) and
(9) to eliminate C;,s. The resulting inequality can be rearranged to
yield P g 2 310y — 3tpin + S (Crans Crige)- Further restricting the con-
dition that gives the lower bound clock period as determined in (11) to
AS(Crats Crise) = tax — Frmin » Yields

Pmin 2 4(tmx - ‘min)- (15)
Substituting 71, for ¢, and nrt,, for P, and rearranging yields

4
nz=-4 (16)

That is, for a single phase clock there must be at least n 2 -4; — 4 gate

levels for proper operation. If the number of gate levels is fewer, then
some extra intentional delay pad must be added. This can either be in
the form of gates or wires.

§.3.2. Delay Padding
If intentional delay is added with gates, then -:—— 4-n gate
delays must be added to the path so that (16) is satisfied. This yields:
Clu"h + Cppy 2 (1 + 2)t pax + (i -4 = n)max
§ an

2 ~lma — 2
rmax max

In the first line of (17), the (n + 2)t .y term accounts for the
delay for performing useful logic; two levels in the latch and n levels

between latches. The (-; ~ 4 — )y, term is overhead. Also note
that the final form of (17) is independent of n. Thus, if gates are used
for delay padding, there is no advantage to using fewer than re 4
gates between latches.

We now consider using wire delays for padding. First consider
that without padding Puy, iS Afpmex. Pmin must be at least

4(tmax — "tmax)»  hOwever. Hence, an additional pad of
4(t max — Tt max) — NIt ey must be added. This yields
Chigh + Ciow 2 (n + 2)t ax + A max — Tmax) = Mmax as)

2+ Dt + (@ —(n +Dr)mx

In (18) the wire delay overhead is (4 — (n + 4)7 )t s, We now
compare this overhead with that in (17). The gate pad overhead is

easily shown to be -i- times the wire pad overhead. By definition
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1 > 1. Hence, a wire delay pad potentially leads to a shorter clock

r
period than a gate pad.

5.3.3. Polarity Hold Latch; Multi-phase Clock
For a multi-phase clock, (13) easily reduces to (18). l;or multi-
phase clocks, (18) holds for all values of n. When n < - -4 the

"overhead”" term in (18) is positive, and the minimum clock period is
the same for both a single and multi-phase clock. Hence, for very
short clock periods, there is no performance advantage to using a
multi-phase clock.

On the other hand, when n > % — 4 the "overhead" term in (18)

is negative, and the multiphase clock period can be less than the single
phase clock period. Note that for the case of a multi-phased clock
there is no limit on P, because the phase of the clocks can be shifted
using (2) and (9) to accommodate any value of P .

5.3.4. Earle Latches

A similar line of reasoning to the above can be used to calculate
a minimum for P, in the Earle latch using (1) and (2). This also
yields (14) through (18), provided —(tmax — fmin) S AS(Cranrs Crise) £ 0
which is slightly more restricting than the minimum condition for (3).

5.4. Simulation Results

We now use simulation to evaluate the performance of a single
phase clock and polarity hold latches under some realistic assumptions.
A survey of the currently available, high performance TTL and ECL
parts [MOTS2, FAI84] indicates values of 7 in the range of 3 to 4. It
is quite possible that r could be increased by screening of the chips,
however. Also wire delays added to gate outputs tend to increase the
effective value of r. A survey of ECL gate arrays, [FAI85, APP8S]
indicates larger values of r, up to .6. Hence a realistic value for our
simulations is r =.5.

The simulation results with data skew overhead added are given
in Table 2. The performance results are again normalized with respect
the combined loop performance with eight useful gate levels. These
results show the best scalar and combined performance occurs at about
six useful gates levels per pipeline segment. A substantial performance
improvement can be achieved by increasing the clock frequency on
vectors. No peak appears as the performance seems to continue to
increase as the clock frequency increases.

6. Unintentional Clock Skew

The results in the previous section are based on an assumption of
a perfectly controlled clock. When designing real processors, however,
there is always some uncertainty in the clock. To model this, it is
necessary to add uncertainty terms to the clocking constraints.

As done by Fawcett, we assume there can be unintentional skew
between the C and C signals (denoted as U & ) and between clock
signals reaching different latches (UC:-pC.-)‘ Expressions  with

useful 7 scalar loops 7 vector loops |14 combined loops
gates levels
per segment| max min max min max min
2 0.39 034 595 5.60 0.74 0.64
4 0.56 052 5.62 5.52 1.02 0.95
6 0.65 0.59 504 494 1.15 105
8 0.57 0.57 3.88 3.88 1.00 1.00
10 0.55 0.52 3.18 3.15 0.93 0.89
12 0.50 047 2.68 2.66 0.84 0.80
14 045 043 233 2.30 0.76 0.73
16 040 040 2.04 2.04 0.66 0.66
32 0.23 0.23 0.94 0.94 0.37 0.37
Table 2. Normalized performance with data skew overhead.



uncertainty terms added are derived in a manner very similar to (1)
through (18). For brevity, we give only the most significant ones. A
complete set of expressions is given in the appendix.

6.1. Basic Clocking Constraints

The uncertainties not only affect the clock inequalities, but they
affect the intentional clock skew constraints that give minimum clock
periods. The four lower bound expressions follow.

Clock Period Bound: Earle Latch, Single Phase Clock

Clligll + C,w 2 2tm + Pm + UC;_I,CI

%
provided AS (Chise, 6fall) S-Ueg -

Clock Period Bound: Earle Latch, Multi-Phase Clock
Clu"h + wa 2 Pm - Pmm + 6fm - 4Im + 2UCt-lvcl + 2UCf N

. - 6*)
provided —(fmux ~ twin) = U & < AS (Criee Cran) S U g

Clock Period Bound: Polarity Hold Latch, Single Phase Clock

Chigh + Clow 2 2 gy + Py + UC:-pC: s 1%

provided AS(Crises Cran) S —~(tmax = min) — Uce

Clock Period Bound: Polarity Hold Latch, Multi-Phase Clock

Clu"h + wa 2 Pm - Pmm + 6lm - 4‘min + 2UC,~_,.C1 + 2UC & »
, i 7 13w
provided AS(Crisss Cran) = ~(tmax = tmin) — U £

As before, the Earle latch and the polarity hold latch have the
same lower bound on the clock period for both single and multiple
phase clock. The only difference is in the required constraint on the
intentional clock skew.

6.1.1. Latch Overhead due to Unintentional Clock Skew

Once again, we assume »n gates between latches, and a ratio ¢,
10 tux Of 7. This gives Py = nf ey, and Py = 0t gip = nrt gy, We
begin with a single phase clock and polarity hold latch.

For a single phase clock,
C,."‘;. +Clpw 2(n + 2ty + UC-‘-]-Ci (14*)

When AS(Cyatts Crise) = —(fmux — tmin) = U » @ lower bound on Py,
is

(15%)

Substituting 7¢ ., for ¢, and nrtg,, for Py, and rearranging yields
Uc‘_l'c‘ + ZUC,E

P oin 2 4(tmax — tmin) + UC‘_I,C‘ + ZUC'f .

nZ%—4+ (16%)

7 max

Equation (16*) bounds the number of gate levels necessary for proper
operation with a single phase clock. As before, if the number of gate
levels is fewer, then some extra intentional delay pad in the form of
either gates or wires must be added.

If intentional delay is added with gates, then
U, =
Chigh + Clow 2 %fm ~ 2 pax + E:—QUCH,C‘ + "% Qa7

Equation (17*) is independent of n. Thus, if gates are used for delay
padding, there is no advantage to using fewer than indicated by (16*).

If wire delays are used for padding, then
Chi‘h +Cle 2 (n + Dt + (@ —(n + 47 ) max

(18%)
+ 2UCH,C‘ + 2UC,(._‘

As we did earlier, it can be shown that a wire delay pad leads to a
shorter clock period than a gate pad.

To determine the overhead due to unintentional clock skew, we
compare the above results with those in the previous section. When
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UC. C: + 2UC &
n 2% —44 —= r" £ , (14%) indicates that unintentional
max
clock skew adds additional overhead of Uc,_c. When
4 Ucl-l'cl‘ +2U¢ £
n<—-44———————, (18% indicates that unintentional
r Pt ax

clock skew adds an additional overhead of 2U¢,_ ¢, + 2Uc z-

For a multi-phase clock, the clock period bound is the same as in
(18*). This means that the minimum clock period is the same for both
a single and multi-phase clock when

U + 2. &
n < i -4 + .C;l'cl__c'c_
r rt max

Otherwise, the multi-phase clock may be faster.

For the Earle latch, the same results as above can be derived. As
has typically been the case, however, the intentional clock skew con-
straints are reduced. In particular, minimum clock periods are achieved
when —(tmuy — tmin) = Ug g S AS(Crans Crige) S ~Ug -

6.2, Simulation Results

We continue our simulations to determine the effect of uninten-
tional clock skew under realistic conditions. To do this, we must esti-
mate values of unintentional skews. We first observe that U & is rela-
tively easy to control, because both signals feeding a particular latch
are formed on the same printed circuit module (CRAY-1S) or on the
same chip (CYBER205) from a single master clock signal.

If one gate is used to generate C, then
1
Ucg =7 Cmax = tmin).

Whenr =.5, Uc g = .25y
If two logic levels are used to fanout the clock, then

U,

+1Ct = Zlm - 2'min'
When r = .5, the uncertainty becomes Uc,,c, = tox: If the fanout
logic is extended to four levels, the uncertainty doubles and

Uc, ,.c, = 2.

The performance when clock uncertainty is added to the latch
overhead is shown in Tables 3 and 4. Comparing these results with
those obtained without unintentional clock skew shows that peak per-
formance moves to a larger number of gate levels per segment. Also
vectors alone now have a peak; they do not continue to increase as the
number of gate levels decreases. As expected, for a larger uncertainty,
a larger number of gate levels per segment is needed to achieve peak
performance. This can be seen by comparing the two-level fanout
results to the four-level fanout results. For the two-level clock fanout,
scalar code has the best performance at eight to ten gate levels per seg-
ment while vectors peak at four gate levels per segment. Scalars dom-
inate when the two are combined to give a peak at eight to ten gate

useful 7 scalar loops 7 vector loops |14 combined loops
gate levels

segment| max min max min max min

2 0.29 0.25 435 4.09 0.54 0.46

4 045 041 445 437 0.81 0.75

6 0.55 0.49 422 414 097 0.88

8 0.57 0.57 3.88 3.88 1.00 1.00

10 0.59 0.56 343 340 101 096

12 0.55 0.51 293 292 092 087

14 0.50 048 258 2.55 0.84 0.81

16 044 044 228 228 0.74 0.74

32 0.27 0.27 1.08 1.08 0.43 043
Table 3. Normalized performance with data skew and unintentional

clock skew; two-level clock fanout.



7 vector loops |14 combined loops

useful 7 scalar loops
gate levels

per segment| max min max min max min
2 027 023 403 3.79 0.50 043

4 043 039 425 4.18 0.78 0.72

6 0.53 048 4.14 4.06 0.95 0.86

8 0.57 0.57 3.88 3.88 1.00 1.00

10 0.63 0.60 3.65 3.62 1.07 1.02

12 0.62 0.58 3.30 3.28 1.04 098

14 0.57 0.54 293 2.90 0.95 092

16 0.50 0.50 2.61 2.61 0385 0.8s

32 031 0.31 127 1.27 0.50 0.50

Table 4.  Performance with data skew and unintentional clock skew;
four-level clock fanout.

levels per segment. The same is true for a four-level clock fanout
which peaks at ten gate levels per segment for both scalars and scalars
combined with vectors.

7. Summary and Conclusions

Our first set of simulations with no latch overhead show that data
dependencies alone place rather severe limits on pipeline performance.
Performance always improves as pipeline segments are shortened, how-
ever.

When data skew is considered, our analysis shows that multi-
phase and single phase clocks have the same lower bound clock
periods when few gate levels are used. For longer pipeline segments,
however, multiphase clock periods can be shorter than single phase
clock periods. Earle and polarity hold latches give the same lower
bound clock periods, but constraints on clock skew to achieve these
clock periods are tighter with polarity hold latches.

When pipeline segments are extremely short, it becomes neces-
sary to pad with intentional delay. For this purpose, we have shown
that wire pads lead to better performance than gate pads.

Our simulation results with realistic data skews added to our
simulation model show that overall performance peaks at about six gate
levels per pipeline segment. When unintentional clock skew is added
to the model, overall performance peaks at eight to ten gate levels per
segment.

To get an idea of the relative importance of the primary causes
of latch overhead, we have combined the data in Tables 1, 2, and 3
into graphs; one each for scalar, vector, and combined performance.
Originally, each of the tables was normalized with respect to a
different data point. Consequently, before combining the results from
the different tables, we have first re-normalized all the data with
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Fig. 3. Performance for seven scalar loops

respect to eight gate level performance for the combined loops with all
skews included (this value comes closest to a real pipelined computer).

These graphs are Figs. 3, 4, and 5. They clearly show the points
of optimal performance we pointed out earlier. They also show that
for relatively long pipeline segments, adding data skew does not affect
performance. For short pipeline segments, however, its effects become
increasingly significant. For short pipeline segments, clock skew adds
about the same amount of additional degradation as data skew. For
longer segments, there is still some small degradation due to clock
skew.
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Appendix
Complete set of equations with unintentional clock skew.

Chi(h 2 3tm:x ~ tmin + S(Cn'.u + UC,C" ’ C_fnll) (1*)
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Chigh + AS(Citice> Cipise) S 2tmin + P
= SCran + Ug g » Crna)> Uc,_c,

. 2
- max[0, tmax — tmin + Uc g @%
+AS (Criru C—.fall) 1
Chigh + Ciow + AS(Citiser Cinise) 2 2tmax + Prax + Uc,, ¢, %

+8Crise +Uc e » Cran)
Chigh + Ciow 2 Porax — Poin + 5¢max — 3min + 2UC‘_1,C‘
+285Crise + Uc g » Cran) + 8(Cran + U g » Criss) (4%)

+ max[0, #oux = tain + AS Crises Cran) + Uc g

Chigh + Cow 2 2tmax + Pruax + Ug,, ¢, 5"
provided AS (Ci,, @,,”) s-Ucg
Chigh + Ciow 2 Pryax = Prin + 6tyax — 4tmin + 2Uc, ,c, + 2Uc 7 » 9
provided —( ey — tie) — Ue g S AS (Crises Cran) S-Ug g
ASCrise» Cran) 2 tmax — tmin + U 5 %
Chigh 2 oy — i 3"
Chigh + AS (Cioriser Ciyise) § 2min + Prin — Ug_ o

—SCran + Ucg s Crise)

Chigh + Ciow + AS(Citrises Ciise) 2 2tmax + P + Ug,_ ¢, (10%)

Chigh + Clow 2 2max + P gy + UCI-I,C:‘ s (11
provided AS(Crise» Cran) 2 tux = tmin + Uc g
Cpu"'. +Clow 2 Poax — Prin + Stonax — 3tmin

— 12*
+ S(Cfan + UC.C- N Cru‘t) + 2UC‘_1,CI ( )

Chigh + Ciow 2 Py — Pryjn + Styux — 4tmin + 2Uc, ¢, + 2Uc 5,
. _ s

provided AS(Cyises Cran) =~ (tmax — tmin) — Uc &
Chigh +Cly 2 (1 + ey + Uci_l,ci (14%)
Pmin 2 4(tmlx - rmin) + UC[_I,Cl- + 2UC,€ (15*)
Uc c 2U,
P R = L Bl L (16%)
r 7t max

2U- &

Chigh + Ciow 2 %zm 2+ LD ’r' ! Uc, e, + r”" a7
Chigh + Ciow 2 (n + 2ty — (nr +4r — 4)t 1y

(18%)

+ 2UC3-I'C|' + 2UC,6



