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Performance Comparison of DIfloat16 and
Bfloat16 Binary Formats

Zoran H. Peri¢, Bojan D. Deni¢, Sofija Z. Peri¢, Milan R. Din¢i¢ and Marko Andelkovi¢

Abstract—The 16-bit floating-point format is a popular
alternative to the widely used 32-bit floating-point format
(FP32). This study analyzes the performance of two commonly
employed 16-bit versions, dlfloatl6 and bfloatl6, for data with
Laplacian and Gaussian distribution. The applied performance
metric is the signal-to-quantization noise ratio (SQNR), allowed
by using the connection between the floating-point format and
piecewise uniform quantization. It is shown over a wide range of
input data variances that SQNR results for Laplacian and
Gaussian data differ slightly, indicating that both observed
formats are robust to changes in the data distribution. SQNR
analysis also suggested that diIfloatl6 is a better option when
increased calculation precision is required, while bfloatl6 is
better from a dynamic range perspective.

Keywords—Bfloat16 format, Dlfloat16 format, Gaussian
source, Laplacian source, Piecewise-uniform quantizer, SQNR.

I. INTRODUCTION

The 32-bit floating-point format (FP32), defined by the
IEEE 754 standard [1], has gained great popularity in the
domain of computing [2]. Due to the remarkable quality of
representation and a wide dynamic range, it has also been
accepted in artificial intelligence domain, especially in neural
networks [3]. However, the inherent complexity of the FP32
format was recognized as its key shortcoming. Implementing
FP32-based neural networks, for instance, in resource-
constrained environments such as edge devices [4] and sensor
nodes [5] is very difficult. Lower-resolution floating-point
formats have emerged as an alternative to FP32, allowing
easier implementation of neural networks with minimal
performance degradation.

The 16-bit floating-point format is well-known alternative
option to FP32. Two popular 16-bit versions for neural
network applications are dIfloatl6 [6] and bfloatl6 [7]. In
these two formats, the exponent and mantissa of a real number
are encoded using different numbers of bits. Bfloat16 uses 8
bits for the exponent (same as the FP32 format) and 7 bits for
the mantissa, while in dIfloatl6 the number of bits for the
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exponent is reduced to 6, and 9 bits are used for the mantissa.
The aforementioned studies [6], [7] exhibit weakness in terms
of strategies for assessing the level of representation quality
(i.e., precision), which is of crucial importance for practical
applications.

The strategy based on the signal-to-quantization noise ratio
(SQNR) is presented in this study for both difloatl6 and
bfloat16 formats, taking into account data with Laplacian and
Gaussian distributions. Namely, exploiting SQNR is allowed
owing to the relationship between the floating-point format
and piecewise uniform quantization [8]. In addition, the two
mentioned distributions are commonly encountered in
practice, in areas like signal processing (e.g., for statistical
modeling of speech and image samples) [9], [10] and neural
networks (e.g., for statistical modeling of weights) [11]. The
SQONR strategy has already been applied in [8] for bfloat16
format and Laplacian source, where the stability in SQNR was
observed across the variance range of 60 dB width. In that
way, the robustness of bfloatl6é in processing variance-
sensitive data was indicated. The contribution of this study
lies in the derivation of corresponding SQNR expressions,
which allowed us to discover the behavior of the discussed
formats on observed data distributions, as well as
circumstances under which they can be successfully applied.
Besides, we have considered a much wider variance range
than that in [8].

The rest of the paper is organized as follows. The short
description of the dlfloat16 is given in Section 2, which also
introduces the analogous quantization model and the SQNR
expressions for performance evaluation for both Laplacian
and Gaussian distributions. Description of the bfloat16 format
and its equivalent quantizer is given in Section 3, where the
corresponding SQNR expressions are provided as well. The
numerical results are presented and discussed in Section 4.
The concluding remarks are given in Section 5.

1. DLFLOAT16 BINARY FORMAT

A. Basics and Analogous Quantizer

Let x denotes the real number. Fig. 1 shows the binary
representation of x using the dlfloatl6 format [6], where s
refers to the sign bit, while bits e;..eq and my..my are

engaged for the exponent E and the mantissa M of x,
respectively.
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Fig. 1. Encoding a real number x using dlIfloat16 binary format.

The decimal equivalent of x can be obtained by using [1]:
* M
x = (-1)°2F (1+2—9j, (1)
where E* = E-31 is the biased exponent. The range for the
exponent E (E =Zi5_oe6_i 2') is from 0 and 63; E, however,

falls between 1 and 62 as the lowest 0 and the highest 63
values are intended for special purposes. E” is therefore in the

range of —30 to 31. The mantissa M (M =28 Omg_izi)
1=

extends from 0 to 2°-1. Let’s consider only the positive
dIfloat16 numbers (s = 0). According to Eq. (1), there are 2°
distinct values of x for a given E”, mutually shifted by:

dl _ oE" M+1 E" M e -9
AE* =2 (14-2—9]—2 [1+2—9J—2 . (2)

Thus, the positive part of the real axis comprises 62 groups
(total number of E* values), each with 2° equidistant values

and step size AdE'*. Since dlIfloatl6 format is zero-

symmetrical, the negative part is organized as the reflection of
the positive part. In addition, for E*= —30 and M = 0, Eq. (1)
gives the minimal positive difloat16 number:
_ 0 _

xdh =2 30[1+2—9J:2 0 A3)
while the maximum positive dIfloatl6 number is obtained for
E"=31and M = 2%

2°-1
X = 231[1+—29 ] ~2%2, (4)
The quantizer analogous to the dlIfloatl6 format is the

symmetric (around zero) 16-bit piecewise-uniform quantizer

whose support region in the positive part [0, ., ] is divided
into 62 segments [25*, 28**1], —30 < E" < 31, each performing
uniform quantization with 2° levels (step size is AT. ). Hence,

objective quantizer measures like distortion and SQNR can be
used to assess the performance of the dlfloat16 format. Recall
that quantizer distortion includes the granular Dy and overload
Do distortions, since data can be quantized within and outside
the support region [10]. For a floating-point quantizer and an
arbitrary data source described by its probability density
function (PDF) p(X,0), Dg and Dy can be determined as [8]:

Er:mx AZ* 1 Er:mx ZE*H
Dy(0)=2 », Pe=¢ D, AL [ p(xo)ax.6)
E*:E:nin E*:E:nin ZE*
Doy (0)=2 [ (X~ e )* B(x,0) (6)
Xmax

where Pex in Eq. (5) is the segment probability while E;ﬂn
and E,. are the minimum and maximum value of E,
respectively. The SQNR is defined as [9], [10]:

SQNR (o) :1OIoglo[ )

¢
Dy (0)+ Dy, (o)
B. Performance for the Laplacian PDF

The zero-mean Laplacian PDF of variance o2 is given as

[9]. [10]:
1 V2
X,0)=——=exps——IX|; - 8
pleo)=—p p{0||} ®
Substituting Egs. (2) and (8) into Eq. (5), as well as Egs. (4)
and (8) into Eg. (6), the following expressions for the
distortion components are obtained:
oE"+3/2
(9)
o

31 ,2(E'-9) E*+1/2
Dgl (O-) = z 2 12 {exp[_ 2 o }_exp[_
(10)

E"=-30
| 232+1/2
Dy (o) =oc?exp| - .
o

Based on Egs. (7), (9) and (10), we obtain the SQNR
expression of dlfloat16 format in the case of Laplacian PDF:

31 22(E*79) E" /2
SQNR (o) =-10-log,o| e

. 12c
£ =0 (11)
2E*+3/2 232+l/2
—exp| — +exp[— ]
(o2 O

C. Performance for the Gaussian PDF

The zero-mean Gaussian PDF of variance o2 is defined by

[9], [10]:
1 x°
p(x,o-) B 2no exp(— 20° ] .

Putting Egs. (2) and (12) into Eq. (5), as well as Egs. (4) and

(12) into Eq. (6), we arrive at:
31 ,2(E-9) E*+1/2 ET-1/2
2 2 2
DY (o) = erf| — —erf| — , (13
232+1/2 263 264 232—1/2
exp{——2}+(—2+lJ erfc[ ]
(e o o O

E"=-30
(14)

(12)

ot (o)< [2

Using Egs. (7), (13), and (14), we derive the SQNR of the
dlfloat16 format in the case of the Gaussian PDF:

31 22(E*79) E /2
SQNR" (5) =-10logy, Z erf -

2
g’ 120 c

E"-1/2
—erf[2 H
(e
—\/: exXpi——5 +{—2+1 erfc
T O o o e}

. (15)




I1l. BFLOAT16 BINARY FORMAT

A. Basics and Analogous Quantizer
In the bfloatl6 format, 8 bits (e,...e5) are reserved for the

exponent E (E:Z::oeﬁ 2"), 7 bits (my..m;) are reserved

for the mantissa M (E :26 0m7,i2i ) and s is a bit for the
i=

sign of x, as shown in Fig. 2. The mantissa M varies between
0 to 27—1. The exponent E goes from 1 to 254 (0 and 255 are
reserved for special purposes [8]).

X=| S

..6g Mp..my
sign —

N
exponent E mantissaM 2

Fig. 2. Encoding a real number x using the bfloat16 binary format.

The decimal value of x can be provided with [1]:
E” M
x=(-1)°%2 (1+2—7j ,

where E* = E-127 is the biased exponent taking values from
—126 to 127. In bfoatl6 format, the positive part of the real
axis consists of 254 groups (each group is defined by a single
E” value) with 27 uniformly distributed numbers, where the
step size within the specific group is:

A = 2F (1+Mj _oF [1+MJ —2F T,
2! 2!

The bfloatl6 format is also zero-symmetric, so the same
structure of 254 groups with 27 evenly spaced numbers can be
found in the negative part. Using Eq. (16), the minimal (for E”
=—126 and M = 0) and the maximal (for E* = 127 and M =
27-1) positive values representable by the bfloat16 format can
be determined, as given by Eqgs. (18) and (19), respectively:

(16)

(17)

X = 27126 [1+2%j =712 (18)
7
xOf =212 (1+ %} ~ 2128 (19)

As mentioned in [8], the quantizer analogous to the bfloat16
format is a symmetrical (around zero) 16-bit piecewise
quantizer, called the bfloatl6 quantizer. Its support region in

the positive part [0, x2F, 1 is partitioned into 254 unequal

segments [25%, 28], —126 < E"< 127, where AbEf* defines the

step size in the single segment that accommodates 27
guantization levels. The following will provide the SQNR
expressions for the bfloatl6 format in the case of Laplacian
and Gaussian PDFs.

B. Performance for the Laplacian PDF

The following expression can be used to evaluate the
SQNR of the bfloat16 format for the Laplacian PDF [8]:

127 22(E*—7) E"+1/2
SQNR™ (¢)=-10-log;y| D —| exp| -
O
. (20)

£ 120
oE"+3/2 2128+1/2
—exp| — +exp [— J
o o

C. Performance for the Gaussian PDF
By applying Egs. (12) and (17) in Eg. (5), the expression
for the granular distortion is yielded:

127 2(E7-7) E'41/2 E'-1/2
Dy (o) = z 2 erf | -2 _erf| -2 , (21)
s 12 o o

while the expression for overload distortion is obtained
according to Egs. (17), (19) and (6):

128+1/2 255 256 128-1/2
DY (o) =0? [—\/I 2 exp{—2—2}+[2—2+1]erfc[2 J]
T o o o g

(22)
Finally, using Egs. (7), (21) and (22), the SQNR of the
bfloat16 format in the case of Gaussian PDF is delivered:

127

2?—(5**7) QE 4172
SQNR"" (5)=-10log;e| Y. —| erf -

£ 106 120 o

E"-1/2
erf{2 N—
o
1 oles+li2 255 256 2128-1/2
- expe——5 ¢+ ——+1|erfc
o o O

T (o2
IV. RESULTS AND DISCUSSION

In this Section, the SQNR results for the difloatl6 and
bfloatl6 formats are compared, where the variance range
assumed is [-100 dB, 300 dB] with respect to the reference
variance o = 1.

. (23)
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Fig. 3. SQNR comparison between dIfloat16 and bfloat16 (Laplacian PDF).

In Fig. 3 we present the SQNR results for the Laplacian
PDF. The bfloatl6 (see SQNRP") exhibits a wide dynamic
range, as it ensures a constant SQNR across all considered
variance values. DIfloat16 (see SQNR®), on the other hand,
offers a lower dynamic range than bfloat16, but can achieve a
higher SQNR by 12.04 dB. Namely, dIfloatl6 keeps the
SQNR steady until the variance threshold 2 = 168 dB, when
it starts to drop rapidly. This is because in the interval
20-logio(c / oref) < o = 168 dB, SONR is only affected by
granular distortion (Eq. (9)), while for 20-logio(c/orer) > o it
depends only on overload distortion (Eg. 10).



TABLE |
SQNR FOR DLFLOAT16 AND BFLOAT16 FORMATS AT SPECIFIC VARIANCE
POINTS (LAPLACIAN PDF)

Variance [dB] SQNRH SQNR?f
-100 67.64 55.60
-50 67.64 55.60
0 67.64 55.60
50 67.64 55.60
100 67.64 55.60
150 67.64 55.60
200 -15.27 55.60
250 -17.92 55.60
300 -17.92 55.60

Table | lists the specific SQNR values for the observed
formats at selected points from the defined variance range.
Figure 3 and Table | also show that SQNR in dlIfloatl6 can
take negative values which reflect extremely poor
performance and are therefore unacceptable.

80

70 / SONR?

60

50 /
] SQNR
40

SONR [dB]

30+

204
10+
0-

— 71 T T T T T T T T T T T
-100 -50 0 50 100 150 200 250 300

20log,, (0/c,) [dB]

Fig. 4. SQNR comparison between dIfloat16 and bfloat16 (Gaussian PDF).

TABLE Il
SQNR FOR DLFLOAT16 AND BFLOAT16 FORMATS AT SPECIFIC VARIANCE
POINTS (GAUSSIAN PDF)

Variance [dB] SQNRY SQNR®f
-100 67.65 55.61
-50 67.66 55.62
0 67.63 55.59
50 67.64 55.60
100 67.66 55.62
150 67.64 55.60
200 3.20 55.59
250 0.009 55.62
300 2.98 x 108 55.61

Fig. 4 depicts the achieved SQNR results for the discussed
formats for Gaussian PDF. Table Il summarizes the SQNR
values at selected variance points. It can be seen that the
difloatl6 and bfloatl6 formats behave similarly as for the
Laplacian PDF, as the resulting SQNR values differ slightly

(see Fig.3 and Table I). Namely, dlfloat16 for the Gaussian
PDF exhibits a slightly wider dynamic range (o = 178 dB),
and also avoids negative SQNR.

The above SQNR findings show that a change in data
distribution causes a marginal change in the performance of
given formats. It is also obvious that difloatl6 is a better
option for more precise calculations, while bfloatl6 is
preferable from a dynamic range point of view.

V. CONCLUSION

Two well-known 16-bit floating-point formats, dIfloat16
and bfloat16, have been examined and compared in this paper,
using the SQNR. In particular, the appropriate SQNR
expressions have been developed for both Laplacian and
Gaussian distributions. It has been shown in a wide variance
range that the SQNR for Laplacian and Gaussian data differs
slightly, so the PDF of the data has a marginal impact on the
performance of both formats. The SQNR analysis has also
revealed that dlfloat16 offers for 12.04 dB higher SQNR than
bfloat16, but it operates in a lower dynamic range. Hence,
bfloat16 is a great option for applications where exceptional
dynamic range is required, while dlfloatl6 is better when
heightened calculation precision is needed.
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