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Abstract

This paper addresses the potential speedup achieved
by using decimal floating-point hardware, instead of
software routines, on o high-performance superscolar
architecture. Software routines were written to per-
form decimal addition, subfraction, multiplication,
and division. Cycle counts were then measured for
each instruction using the Simplescalor simulator. Af-
ter this, new herdware algorithms were developed, ex-
isting hordware algorithms were enalyzed, and cycle
counts were estimated for the same set of instructions
using specialized decimal floating-point hardwere. This
date was then used to show the potential speedup ob-
tained for programs with different insiruction mizes
and a recently developed benchmark.

1 Introduction

Current foating-point hardware implementations
are binary based, not decimal hased, for largely two
reasons. First, binary data can be stored efficiently
and manipulated very quickly on today’s *two-state”
computers [1]. Second, binary arithmetic is better for
error analysis as the relative density of floating-point
numbers is proportional to the base [2]. However,
since there is not an exact mapping between all deci-
mal and binary values, binary floating-point hardware
implementations may produce inaccurate results when
dealing with decimal data. Further, since data is often
input and stored in decimal format [3], having hard-
ware support for decimal foating-point (DFP) arith-
metic eliminates the need for time-consuming decimal-
to-binary and binary-to-decimal conversions.

On current computer platforms, the alternatives
available to address the aforementioned inaccuracy in-
clude decimal software libraries [4] [5] and fixed-point
hardware designs that operate on scaled DFP data
[6]. These alternatives are slow compared to binary
floating-point hardware. With the cost of die space
continually dropping, a dedicated DFP hardware im-
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plementation is likely to be considered by micropro-
cessor manufacturers. To aid in answering the ques-
tion of whether the hardware development cost and ef-
fort are worthwhile, this paper addresses the potential
speedup achieved by using DFP hardware, instead of
software routines, on a high-performance superscalar
architecture,

A straightforward and familiar approach to esti-
mating speedup is through the use of Amdahl's Law:

1
(1 - Fenhanced) + z;t:]

(1)

Soverall = Fevngnced;
Senhanced;
where § is speedup and F is fraction of execution time.
Thus, to determine the overall potential speedup, one
must estimate or measure the fraction of execution
time affected by each enhancement (prior to enhance-
ment) and the speedup of each enhancement.

The enhancements evaluated and presented in this
work include the core DFP instructions of add, sub-
tract, multiply, and divide. A C program, described
in Section 2, was written to determine the speedup
from each of these enhancements, i.e. replacing each
DFP software routine with a hardware routine. In
Section 3, new hardware algorithms are described and
existing hardware algorithms are analyzed to deter-
mine the potential speedup for each DFP instruction.
Section 4 contains a description of the potential over-
all speedup for. hypothetical instruction mixes and a
range of execution time percentages. Then, for a par-
ticular benchmark, the potential overall speedup is ex-
amined in Section 5. Section 6 includes the summary
and conclusions of this work.

2 Software implementation

Input operands of up to 15 binary coded decimal
(BCD) digits in length are supported for both the
software and hardware algorithms. This length was
chosen because it is the proposed length for a single-
precision number in [7]. The reader is referred to [§]



for a more detailed explanation behind some of the
following algorithms as well as alternative algorithms.

2.1 DFP software add

Addition is accomplished by first significand align-
ing the addend and augend based on their respective
exponents, biasing each digit in the addend with +6
{0x6), adding the respective digit of the augend, and
then removing the bias from those digit positions that
did not produce a carry. This algorithm works be-
cause in BCD, there are six unused combinations of
the four binary bits. Biasing each addend digit with
six removes the unused combinations in each digit and
positions the digit to function as a single hexadecimal
digit. Thus, one gets a carry in the upper portion of
each digit exactly when the decimal addition of the
two digits should produce a carry.

2.2 DFP software subtract

Subtraction is accomplished by first taking the 9's
complement of either the subtrahend or the rinuend
and then performing BCD addition with a carry in
{to realize the 10°s complement). If there is a carry
out from the addition, it is ignored, which essentially
subtracts 100"~ from the result, where n is the num-
ber of digits. This is justified because the 10's com-
plement function introduced this value. If there’s no
carry out from the addition process, the resnlt is a neg-
ative number in 10°s complement form (and the value
introduced from the initial 10’s complement function
must still be removed). To convert the 10’s comple-
ment form to sign magnitude form, one simply takes
the 10's complement of the result {by taking the 9's
complement and then adding zero with a carry in.)

2.3 DFP software multiply

Multiplication is accompiished via N-tupling; iter-
ating over every digit in the multiplier from the least
significant position and adding the appropriate multi-
ple of the multiplicand to the partial product {initially
0). With each iteration, the next partial product is
added into the next higher digit position (as must be
done due to the increasing significance of each digit
position in the multiplier).

2.4 DFP software division

Division is accomplished by iterating over each digit
position in the dividend, from the most significant po-
sitton, and sucecessively subtracting the dividend from
the remainder {initially the original dividend). A carry
out is obtained from the addition (part of the subtrac-
tion process) when the difference has become negative,
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due to one too many divisors being subtracted. The
algorithm is initially started with a zero vector for the
quotient equal in length to the dividend. With each
subtraction that does not generate a carry out from
the addition portion of the subtraction procedure, the
quotient digit is incremented in the current position.
When a carry out is generated, the quotient digit is
unaltered and the algorithm moves to the next lower
significant digit position in the quotient and repeats
the subtraction process.

2.5 Cycle count measurment

A complete program was developed that iteratively
parses instruction types and operand values (in BCD
form) and executes these instructions using the afore-
mentioned algorithms, The program was compiled
into SimpleScalar [9] assembly code. To obtain cycle
counts, each instruction was simulated using a best-
case test. For example, a best-case test for multipli-
cation is a value in only one digit position of the mul-
tiplier because this results in only & single addition.
In contrast, a worst-case fest for multiplication is a
value in each pdsition of the multiplier. The moti-
vation behind obtaining pessimistic cycle counts for
the software implementations is such that when these
numbers are compared to the hardware estimates, a
conservative estimate results. This is reasonable in
light of the fact that 1) the software algorithms may
be less than optimal, 2) the C language implemen-
tation may consume more cycles than an optimized
assembly language implementation, and 3) the hard-
ware cycle count estimates may be optimistic. Table 1
below lists the cycle counts obtained for the core DFP
instructions implemented in software.

3 Hardware implementation

The cycle counts for each DFP instruction were es-
timnated based on our experience and on recently pub-
lished work ([6]}. For all the estimates, a fixed worst-
case latency was assumed. Establishing a fixed worst
case latency (i.e. no early exit) for each instruction
eases the impact of adding DFP logic on the comple-
tion unit. This is because the tracking of instruction
completion is much less complex.

3.1 DFP hardware add and subtract
Addition is accomplished by generating the BCD
equivalent of a 4-bit binary generate and propagate
signal for each digit. These signals can then be used
in carry look-ahead circuitry to select the appropriate
preliminary sum values. This work can be performed
in a single clock cycle. However, before the operands



can be added, they must be significand aligned (one
cycle). And after the addition, the result may be
rounded (one cycle). Subtraction is similar to addi-
tion and estimated to also take three cycles.

3.2 DFP hardware multiply

Multiplication is accomplished by first generating
the 2-tuple and 3-tuple of the multiplicand and stor-
ing these values in temporary registers, and then it-
erating over each multiplier digit and either adding
or subtracting combinations of the stored multiples.
Generating the multiples takes two cycles:~The deci-
sion to add or subtract is based on the value of the
current multiplier digit. If the digit is 1-5, the stored
multiples are added, and if the digit is 6-9, the stored
multiples are subtracted and the next higher signifi-
cant muitiplier digit is incremented. Also with each
iteration, the partial product is shifted right and new
combinations of stored multiples are added starting at
the next higher significant digit position. The worst-
case number of additions and subtractions for each
multiplier digit is two (e.g. if the multiplier digit is 5,
the 2x and 3x multiples need to be added). Thus, for
a 15 BCD digit multiplier, 30 cycles may be needed.
After the final add/subtract, the product may need
to be rounded (one cycle). Note: this algorithm is an
adaptation of the algorithm used on the IBM z900 mi-
croprocessor [6).

3.3 DFP hardware division

Division is accomplished by first generating the 2-
tuple and 4-tuple of the divisor, and then iterating
over each divisor digit and successively subtracting
combinations of the stored multiples. Generating the
multiples takes two cycles. As with the software im-
plementation of divide, the respective quotient digit is
incremented until the subtraction, via addition, pro-
duces a carry out (indicating that one too many sub-
tractions were performed). The series of subtractions
for each divisor digit is shown in Figure 1.

As can be seen, the most subtractions that can
occur for a given digit position is four. Thus, for a
15 BCD digit divisor, 60 cycles may be needed. After
the fingl subtraction for the final digit, the quotient
may need to be rounded (one cycle). As an aside, this
algorithm can be implemented with a 4-bit state ma-
chine, the values of which would control the subtract
operations for each dividend digit and also contain the
value of the respective quotient digit.

Table 1 lists the estimated cycle counts for the
core DFP instructions were they to be implemenied
in hardware.
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Figure 1: DFP Division' Hardware Algorithm

DFP Software | Hardware

Instr'n || (cycles) (cycles) | Speedup
Add 652 3 217.33
Sub. 1060 3 353.33
Mul. 4285 33 129.85
Div. 3617 63 57.41

Table 1: Cycle Counts and Speedups for Software and
Hardware Decimal Floating-Point Instructions

4 Speedup versus instruction mix

In order to assess the potential speedup to be
gained from replacing DFP software routines with
application-specific enhancements to a typical micro-
processor, three pieces of information are needed. The
first piece is the speedup of each instruction, which is
given in the rightmost column of Table 1. The sec-
ond piece is the percentage of CPU execution time
that is to be enhanced. Since this is dependent on the
application, the potential speedup was calculated for
the range 10% to 100%. The last necessary piece of
information is the instruction mix. The authors have
chosen the three hypothetical instruction mixes shown



in Table 2, The first mix is pessimistic as it minimizes

Mix [ Add Sub. Mul Div.
Pessimistic || 24% 8%  60% 8%
SPECFP92 || 29% 21% 46% 4%
Optimistic |} 26% 42% 32% 1%

Table 2: Instruction Mixes for Hypothetical Software
Programs

subtraction (the instruction that exhibited the great-
est speedup). The third mix is optimistic as it favors
subtraction. The second mix uses the average relative
frequencies for add, subtract, multiply, and divide as
they appear in the SPECFP92 benchmark suite,
Figure 2 shows the potential speedup using the data
from Table 1 and the imstructions mixes in Table 2,
From this figure, it can be seen that a halving of exe-
cution time is realizable for software spending 50% of
its time in decimal routines, and an order of magni-
tude reduction of execution time is realizable for soft-
ware spending 90% of its time in decimal routines.
Figure 2 further shows that the instruction mix does
not significantly affect the potential speedup. For ap-
plications that use DFP arithmetic software routines,
the percent of execution time spent in these routines
should be quite high, since each decimal Hoating-point
operation consumes a large number of cycles.

5 Speedup versus percent execution
Due to increasing industry interest in decimal
floating-point, a benchmark has been developed to
reflect a typical use of DFP operations. The ’telco’
benchmark {10], which calculates the taxes on a mil-
lion telephone calls, was compiled using gee, executed
on an UltraSPARC 11, and analyzed with gprof. Table
3 shows the percent of execution time used by the four
DFP instructions examined in this work. Inserting the

DFP Instruction_u Execution Time

Add 9.6%
Sub. 0.0%
Mul. 21.1%
Div. 0.0%

Table 3: DFP Instruction Profile for ’telco’ Bench-
mark

percentages of CPU execution time shown in Table 3

PIPessimistic Mix
MSPECFP92 Mix (speedup valucs shown) 16343
B eptimistic Mix
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Fraction of Executlon Time Prior Lo Speedup

Figure 2: Potential Speedup Using Decimal Floating-
Point Hardware with Hypothetical Instruction Mixes

and the respective speedup values shown in Table 1
into Equation 1 yields a potential speedup of 1.44 (or
44%). )

6 Summary and conclusions

As a result of coaverting the DFP add, subtract,
multiply, and divide instruction from software routines
into hardware, it has been shown applications can re-
alize performance improvements ranging from about
10% (for applications whose respective DFP routines
consume 10% of the execution time) to nearly 1000%-
(for applications whose respective DFP routines con-
sume 90% of the execution time). Thus, the overall
speedup approaches the theoretical maximum due to
the significant speedup achieved from implementing
software routines in hardware,
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