Advancing Technology
for Humanity

DECLARATION OF GERARD P. GRENIER

[, Gerard P. Grenier, am over twenty-one (21) years of age. I have never been convicted
of a felony, and I am fully competent to make this declaration. I declare the following to be true
to the best of my knowledge, information and belief:

k-

4

10.

I am Senior Director of Content Management of The Institute of Electrical and
Electronics Engineers, Incorporated (“IEEE™).

IEEE is a peutral third party in this dispute.
Neither I nor IEEE itself is being compensated for this declaration.

Among my responsibilities as Senior Director of Content Management, | act as a
custodian of certain records for I[EEE.

[ make this declaration based on my personal knowledge and information contained
in the business records of IEEE.

As part of its ordinary course of business, IEEE publishes and makes available
technical articles and standards. These publications are made available for public
download through the IEEE digital library, IEEE Xplore.

It is the regular practice of IEEE to publish articles and other writings including
article abstracts and make them available to the public through IEEE Xplore. IEEE
maintains copies of the publications in the ordinary course of its regularly conducted
activities.

The article below has been attached as Exhibit A to this deolaration:

A. | I.Y.F. Tong, et al., “Reducing power by optimizing the necessary
precision/range of floating-point arithmetic”, IEEE Transactions on Very
Large Scale Integration (VLSI) Systems, Vol. 8, Issue 3, June 2000.

[ obtained a copy of Exhibit A through IEEE Xplore, where it is maintained in the
ordinary course of IEEE’s business. Exhibit A is a true and correct copy of the
Exhibit, as it existed on or about July 24, 2020.

The article and abstract from IEEE Xplore shows the date of publication. IEEE
Xplore populates this information using the metadata associated with the publication.

/

Google Exhibit 1035
Google v. Singular

445 Hoes Lane Piscataway, NJ 08854
Google Ex. 1035 - Page 1



11. I.Y.F. Tong, ct al., “Reducing power by optimizing the necessary precision/range of
floating-point arithmetic” was published in [EEE Transactions on Very Large Scale
Integration (VLSI) Systems, Vol. 8, Issue 3. IEEE Transactions on Very Large Scale
Integration (VLSI) Systems, Vol. 8, Issue 3 was published in June 2000. Copies of
this publication was made available no later than the last day of the publication
month. The article is currently available for public download from the IEEE digital
library, IEEE Xplore.

12. 1 hereby declare that all statements made herein of my own knowledge are true and
that all statements made on information and belief are believed to be true, and further
that these statements were made with the knowledge that willful false statements and
the like are punishable by fine or imprisonment, or both, under 18 U.S.C. § 1001.

[ declare under penalty of perjury that the foregoing statements are true and corrgcet.
Executed on: 5/ ?' J t./u - A0J0 S & VYRR

Google Ex. 1035 - Page 2



EXHIBIT A



IEEE.org IEEE Xplore IEEE-SA IEEE Spectrum More Sites SUBSCRIBE
—
— Browse v My Settings v Help v
Institutional Sign In
All v

Journals & Magazines > |EEE Transactions on Very Lar... > Volume: 8 Issue: 3

SUBSCRIBE Cart

Personal Sign In %)

Create Account

Institutional Sign In

Reducing power by optimizing the necessary precision/range of

floating-point arithmetic

Publisher: IEEE Cite This Cite This PDF

(3 Author(s) ] J.YF.Tong:; D. Nagle ; RA. Rutenbar ~All Authors

81 1 1130
Paper Patent Full
Citations Citation Text Views
Abstract
Authors
References

Alerts

Manage

Content Alerts

Add to
Citation Alerts

Abstract: Low-power systems often find the power cost of floating-point (FP) hardware

Citations N .
minimizi... View more

Keywords Metadata
Abstract:

Metrics

prohibitively expensive. This paper explores ways of reducing FP power consumption by

Low-power systems often find the power cost of floating-point (FP) hardware

prohibitively expensive. This paper explores ways of reducing FP power consumption by

More Like This

minimizing the bitwidth representation of FP data. Analysis of several FP programs that

manipulate low-resolution human sensory data shows that these programs suffer no
loss of accuracy even with a significant reduction in bitwidth. Most FP programs in our
benchmark suite maintain the same output even when the mantissa bitwidth is reduced
by half. This FP bitwidth reduction can deliver a significant power saving through the
use of a variable bitwidth FP unit. Our results show that up to 66% reduction in multiplier
energy/operation can be achieved in the FP unit by this bitwidth reduction technique

without sacrificing any program accuracy.

Published in: IEEE Transactions on Very Large Scale Integration (VLSI) Systems (

Volume: 8 , Issue: 3, June 2000 )

Google Ex. 1035 - Page 4

Q

ADVANCED SEARCH

More Like This

Thermal Compensation Method for CMOS
Digital Integrated Circuits Using
Temperature-Adaptive DC-DC Converter

IEEE Transactions on Circuits and Systems
II: Express Briefs

Published: 2006

Leakage scaling in deep submicron CMOS
for SoC

IEEE Transactions on Electron Devices
Published: 2002

Show More

Top Organizations with Patents
on Technologies Mentioned in
This Article

onancanons I
DRGANIZATION 3 _
orasnizarion 2 ([N
onaanization 1 [N

o



https://innovate.ieee.org/Xplore/Subscribebutton
http://www.ieee.org/
http://standards.ieee.org/
http://spectrum.ieee.org/
http://www.ieee.org/sitemap.html
https://innovate.ieee.org/Xplore/Subscribebutton
https://www.ieee.org/cart/public/myCart/page.html?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://www.ieee.org/profile/public/createwebaccount/showCreateAccount.html?sourceCode=xplore&car=IEEE-Xplore&autoSignin=Y&signinurl=https%3A%2F%2Fieeexplore.ieee.org%2FXplore%2Flogin.jsp%3Furl%3D%2FXplore%2Fhome.jsp%26reason%3Dauthenticate&url=https%3A%2F%2Fieeexplore.ieee.org%2Fdocument%2F845894%2F
https://ieeexplore.ieee.org/browse/periodicals/title/
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=92
https://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=18335
https://ieeexplore.ieee.org/Xplorehelp/ieee-xplore-training/working-with-documents#interactive-html
https://ieeexplore.ieee.org/author/37433753200
https://ieeexplore.ieee.org/author/37355771200
https://ieeexplore.ieee.org/author/37282471300
https://ieeexplore.ieee.org/xpl/dwnldReferences?arnumber=845894
https://ieeexplore.ieee.org/alerts/citation
https://ieeexplore.ieee.org/document/845894
https://ieeexplore.ieee.org/document/845894/authors
https://ieeexplore.ieee.org/document/845894/references
https://ieeexplore.ieee.org/document/845894/citations
https://ieeexplore.ieee.org/document/845894/keywords
https://ieeexplore.ieee.org/document/845894/metrics
https://ieeexplore.ieee.org/document/845894/similar
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=92
https://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=18335
https://ieeexplore.ieee.org/document/4012394/
https://ieeexplore.ieee.org/document/1003727/
https://ieeexplore.ieee.org/search/advanced
https://ieeexplore.ieee.org/Xplore/home.jsp

Page(s): 273 - 286 INSPEC Accession Number: 6642817

Date of Publication: June 2000 DOI: 10.1109/92.845894
ISSN Information: Publisher: IEEE
Authors v
References
v

Citations v

Keywords v

Metrics v
IEEE Personal Account Purchase Details Profile Information Need Help? Follow
CHANGE USERNAME/PASSWORD PAYMENT OPTIONS COMMUNICATIONS PREFERENCES US & CANADA: +1 800 678 4333 f in ¥

VIEW PURCHASED DOCUMENTS PROFESSION AND EDUCATION WORLDWIDE: +1 732 981 0060
TECHNICAL INTERESTS CONTACT & SUPPORT

About IEEE Xplore | Contact Us | Help | Accessibility | Terms of Use | Nondiscrimination Policy | Sitemap | Privacy & Opting Out of Cookies
A not-for-profit organization, IEEE is the world's largest technical professional organization dedicated to advancing technology for the benefit of humanity.

© Copyright 2020 IEEE - All rights reserved. Use of this web site signifies your agreement to the terms and conditions

IEEE Account Purchase Details Profile Information Need Help?
» Change Username/Password » Payment Options » Communications Preferences »US & Canada: +1 800 678 4333
» Update Address » Order History » Profession and Education » Worldwide: +1 732 981 0060

» View Purchased Documents » Technical Interests » Contact & Support

About IEEE Xplore | Contact Us | Help | Accessibility | Terms of Use | Nondiscrimination Policy | Sitemap | Privacy & Opting Out of Cookies

A not-for-profit organization, IEEE is the world's largest technical professional organization dedicated to advancing technology for the benefit of humanity.
© Copyright 2020 IEEE - All rights reserved. Use of this web site signifies your agreement to the terms and conditions.

Google Ex. 1035 - Page 5


https://www.ieee.org/profile/changeusrpwd/showChangeUsrPwdPage.html?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://www.ieee.org/profile/payment/showPaymentHome.html?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://ieeexplore.ieee.org/articleSale/purchaseHistory.jsp
https://www.ieee.org/ieee-privacyportal/app/ibp?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://www.ieee.org/profile/profedu/getProfEduInformation.html?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://www.ieee.org/profile/tips/getTipsInfo.html?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
tel:+1-800-678-4333
tel:+1-732-981-0060
https://ieeexplore.ieee.org/xpl/contact
https://www.facebook.com/IEEEXploreDigitalLibrary/
https://www.linkedin.com/showcase/ieee-xplore
https://twitter.com/IEEEXplore?ref_src=twsrc%5Egoogle%7Ctwcamp%5Eserp%7Ctwgr%5Eauthor
https://ieeexplore.ieee.org/Xplorehelp/about-ieee-xplore.html
https://ieeexplore.ieee.org/xpl/contact
https://ieeexplore.ieee.org/Xplorehelp/Help_start.html
https://ieeexplore.ieee.org/Xplorehelp/accessibility-statement.html
https://ieeexplore.ieee.org/Xplorehelp/Help_Terms_of_Use.html
http://www.ieee.org/web/aboutus/whatis/policies/p9-26.html
https://ieeexplore.ieee.org/xpl/sitemap.jsp
http://www.ieee.org/about/help/security_privacy.html
http://ieeexplore.ieee.org/Xplorehelp/Help_Pubdates.html
https://doi.org/10.1109/92.845894
https://www.ieee.org/profile/changeusrpwd/showChangeUsrPwdPage.html?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://www.ieee.org/profile/address/getAddrInfoPage.html?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://www.ieee.org/profile/payment/showPaymentHome.html?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://www.ieee.org/profile/vieworder/showOrderHistory.html?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://ieeexplore.ieee.org/articleSale/purchaseHistory.jsp
https://www.ieee.org/ieee-privacyportal/app/ibp?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://www.ieee.org/profile/profedu/getProfEduInformation.html?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://www.ieee.org/profile/tips/getTipsInfo.html?refSite=http://ieeexplore.ieee.org&refSiteName=IEEE%20Xplore
https://ieeexplore.ieee.org/xpl/contact
https://ieeexplore.ieee.org/Xplorehelp/about-ieee-xplore.html
https://ieeexplore.ieee.org/xpl/contact
https://ieeexplore.ieee.org/Xplorehelp/Help_start.html
https://ieeexplore.ieee.org/Xplorehelp/accessibility-statement.html
https://ieeexplore.ieee.org/Xplorehelp/Help_Terms_of_Use.html
http://www.ieee.org/web/aboutus/whatis/policies/p9-26.html
https://ieeexplore.ieee.org/xpl/sitemap.jsp
http://www.ieee.org/about/help/security_privacy.html

IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 8, NO. 3, JUNE 2000 273

Reducing Power by Optimizing the Necessary
Precision/Range of Floating-Point Arithmetic

Jonathan Ying Fai Tondvember, IEEEDavid Nagle, Member, IEEEand Rob A. Rutenbar, Fellow, IEEE

Abstract—ow-power systems often find the power cost of these computations as integer operations, we should translate
floating-point (FP) hardware prohibitively expensive. This paper them into custom-precision FP.

explores ways of reducing FP power consumption by minimizing Specifically, we examine how software can employ tthie-

the bitwidth representation of FP data. Analysis of several FP . | b f ti d t bits in EP hard t
programs that manipulate low-resolution human sensory data imal nUMbEer ormantssa and exponent bits in ardware 1o

shows that these programs suffer no loss of accuracy even with a'educepower consumption, yahaintaina program's overall

significant reduction in bitwidth. Most FP programs in our bench-  accuracy. We study experimentally the relationship between the
mark suite maintain the same output even when the mantissa accuracy of FP programs and the number of bits used in the
bitwidth is reduced by half. This FP bitwidth reduction can deliver oy asentation of their data. Our central results demonstrate that

a significant power saving through the use of a variable bitwidth hich ioulate h - t
FP unit. Our results show that up to 66% reduction in multiplier many programs which manipulate human sensory Inputs, €.g.,

energy/operation can be achieved in the FP unit by this bitwidth SPeech and image recognition, suffer no loss of accuracy with

reduction technique without sacrificing any program accuracy. reduced bitwidth in the mantissa or exponent. We use this result
Index Terms—Analysis, computer-arithmetic, digital CMOS, to exp!ore various methods tq minimize power d|5$|pat|on.|n the
low-power design, special low-power99. FP unit. The fundamental principle is to reduce waste—in this

case, unnecessary bits in the FP representation and computation.
Our results show that programs such as speech recognition
and image processing use significantly less power with our re-
LOATING-POINT (FP) hardware provides a wideduced bitwidth FP representation than with an IEEE-standard
dynamic range of representable real numbers, freeifp representation. For example, the speaker-independent con-
programmers from writing the cumbersome manual scalifigguous-speech recognition program Sphinx [10] requires only
code required of fixed-point representation. Unfortunatel§ mantissa bits and 6 exponent bits to maintain 90% recog-
FP hardware is very power hungry, with FP multipliers imition accuracy—the same level of accuracy achieved with a
particular being expensive components in a processor’s powerbit IEEE-standard FP representation. Compared to a con-
budget. This has limited the use of FP hardware, with mogentional 32-bit FP multiplier, which uses 2078 pJ per multi-
low-power processors not including any FP hardware. Howevplcation in our implementation, our reduced bitwidth FP mul-
for an increasing number of embedded applications, suchtidier uses only 705 pJ, roughly one third the energy. It has
voice recognition and image/vision processing, FP hardwaréaig been known that many such signal processing applications
performance, simplified programming model, and adaptabiligan get by with less precision/range than full FP. Our central
over a wide dynamic range makes it a desirable feature. contribution here is precise documentation of the extremity of
One important characteristic of many of these mgsuch allowable reductions across several real benchmarks. In
bile/portable applications is that they work primarily withmany cases, fewer the half the bits, in an appropriate custom
low-resolution (4—10 bits) human sensory data, notably digP format, suffice.
itized speech and images. FP arithmetic allows many signalThe remainder of the paper is organized as follows. Section ||
processing algorithms to process these acquired voice pspvides background material on FP representation and algo-
vision data without concern about either the precision or rangghms. Section Il constructs an ASIC-style FP multiplier for
of intermediate results. Indeed, it remains common desigge as a baseline in subsequent experiments, and characterizes
practice [26] to prototype these algorithms in FP, then (usualiye power dissipation of its component pieces. Section IV of-
manually) to translate them into an appropriate set of integfers a taxonomy of custom FP format variations, categorized
operations. In this study, we suggest that instead of renderipygtheir potential impact on power. Section V describes exper-
imental results from analysis of several real benchmark pro-
, _ _ rams executing (in emulation) with reduced precision/range
Manuscript received February 13, 1999; revised September 22, 1999.

work was supported in part by the National Science Foundation and by DAR P _formats- T.h.IS SeCtIOh "?‘lso examines .the utility of dIgIt-SerIaI
under Contract DAAL01-95-K-3527. variable-precision multipliers as a possible compromise when

J. Y. F. Tong was with the Department of Electrical and Computer Engioyy-precision operands dominate, but higher precision operands
neering, Carnegie-Mellon University, Pittsburgh, PA 15213 USA. He is now tb tirel ided. Secti vid ib lated K
with the M-Core Technology Center, Motorola, Austin, TX 78731 USA (e—mailpanno € enurely avolaed. section escribes relatea wor

Jonathan.Tong@mot.com). and examines in particular how transition-gating schemes re-
D. Nagle and R. A. Rutenbar are with the Department of Electrical angbntly proposed for integer arithmetic optimization perform in
Computer Engineering, Carnegie-Mellon University, Pittsburgh, PA 15213 EP kloads. Einallv. Section VII off ludi
USA (e-mail: dnagle@ece.cmu.edu; rutenbar@ece.cmu.edu). our workloads. Finally, section ofrers some concluding
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Il. BACKGROUND 31 30 23 22 0

A. FP Representation Versus Fixed-Point Representation s exponent mantissa

FP representation is by far the most widely used represen-
tation for real numbers. FP numbers provide a wide dynamic
range of representable real numbers, freeing programmers freéigm 1. Representation of single-precision IEEE FP number.
the manual scaling code necessary to support fixed-point opera-
tions. For instance, an IEEE single-precision number and an @asy. In addition to the design complexity and the large area
teger on a 32-bit machine both require 32 bits of storage for théioccupies, an FP unit is also a major consumer of power in
representation. However, the dynamic range provided by the Ficroprocessors. Many embedded microprocessors such as the
representation (1.999 999 88226 t0 1.999 999 8& 2'?")is  StrongARM [3] and MCore200 [4] do not include an FP unit
substantially wider than that provided by the integer represetise to its significant implementation cost.
tation (1-21).

On the other hand, FP hardware is very power hungry. In ad- 1ll. POWER COMSUMPTION OF A SINGLE-PRECISION
dition to performing the basic addition and multiplication oper- FP MULTIPLIER
ations as in the integer unit, the FP unit must process the expox,

ts of the input d I ' ding to t o0 attack the power problem of the FP unit, we need a rea-
nents ot the Input operands as well as provide rounding to anable estimate of the power dissipation in different blocks of
final result. Typically, FP multipliers are expensive componen

fle unit. Since multiplication is one of the most frequent oper-
in a processor’'s power budget. This has limited the use of P . P

i . bedded svst th | aﬁons in signal processing applications and we claim that the
opera "t".‘s Iln g_m € eFPs%/s st’ WIF many ovlv-power f;qc_ﬁ%fjltiplier is by far the most power hungry arithmetic unit, this
sors notincluding any X ardware. -or example, recen 91 tion dissects the power dissipation of a single-precision FP
signal processors (DSP’s) introduced with FP hardware supplg?{'}l

seem to have met with limited success in the signal Processi(i8tration of our power reduction techniques, but the techniques

community [26]. . . apply to other blocks of the FP unit as well.
For an increasing number of embedded applications suc he FP multiplier (Fig. 2) can be divided into three major

as voice recognltllon, V|s!on/|mage processing, qnd OthE{nctional blocks: 1) the mantissa multiplier; 2) the exponent
human-sensory-oriented signal-processing applications, F mit; and 3) the rounding unit (including normalization). Fig. 3,
simplified programming modpl (in contrast with fIXe‘j'po'%vhich is based on [5], shows one possible mantissa data flow for
syst_ems) and large dynamic range makes_ _FP har(_jwa_reanaFP multiplier. The top section (Multiply) accepts two nor-
des!rable fe_ature. Furthermore, many rgcognmon _appl'cat'oﬁ%lized mantissas and uses a Wallace-tree reduction structure
achieve a high degree of accuracy starting from fairly IOW'reﬁiat produces the product in carry-save form (&obit num-
olution input sensory data. Leveraging these characteristg:grs)_ These two numbers are then added in the carry-propagate

by allowing software to use the minimal number of mantiss;;adoler (CPA) section to produce a completebit product. If

and exponent bits, standard FP hardware can be modifiedﬂlig resulting product is in the range< product < 4, we
significantly reduce its power consumption while maintaininﬂave a potential overflow and the constafit™+) is add’ed to

a program’s overall accuracy. the product and the result is truncatechte- 2 bits to the right
of the decimal point. A normalization shift (Normal) of 1 bit
B. The IEEE 754 Standard to the right is then necessary to restore the rounded product to
There are two different IEEE standards for FP computatiothe rangel < rounded product< 2, with an appropriate ad-
IEEE 754 is a binary standard that requires the implied radixstment of the exponent. If the originz bit product is in the
(base) to be two. IEEE 854 allows either radix 2 or radix 10 repangel < product < 2, then we need only add the constant
resentation. By far, IEEE 754 is more popular and most deskt®{p ™). Furthermore, if the addition &~ causes the rounded
microprocessors support the IEEE 754 standard. product to be equal to two, then a normalization shift of 1 bit
One of the main concerns of the IEEE 754 Floating Poigind an exponent adjustment are necessary.
Standard [2] is the accuracy of arithmetic operations. IEEE-754To estimate the power consumed in each of a multiplier's
specifies that any single-precision FP number be representieicee main blocks (i.e., mantissa multiplier, exponent unit,
using 1 sign bit, 8 bits of exponents, and 23 bits of mantissaunding unit), we have adopted a standard ASIC-style design
With double precision, the bitwidth requirements of exponentethodology and constructed a complete—though minimally
and mantissa go up to 11 and 53 bits, respectively. An IEEptimized—FP multiplier. We synthesized a behavioral model
single-precision number is represented in Fig. 1. Note that an FP multiplier using a standard cell-based design flow
the exponent is a signed number represented using a laasl then performed power simulation using a transistor-level
method; for single-precision numbers the exponent is storedsimulator. Even though most FP units in microprocessors and
excess-127 form. DSP are custom-designed, our design provides usable estimates
In addition to specifying the bitwidth requirement for FRof the relative power dissipations among the different blocks
numbers, IEEE-754 incorporates several additional featura@sside an FP multiplier.
including delicate rounding modes and support for gradual Our behavioral model of the FP multiplier was written in
underflow to preserve the maximal accuracy of programgerilog and based on the design of the Aurora Il processor
The implementation of an IEEE-compliant FP unit is nofleveloped at the University of Michigan [6]. The model was

FP value = (-1)® x 26XPOUe0t | mantissa

Itiplier. Subsequent sections use this FP multiplier as an il-
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Fig. 2. Block diagram of a single-precision FP multiplier.
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Fig. 3. Mantissa data flow of an FP multiplier.

synthesized using Synopsys’ Design Compiler tool and Founagperands found in the Sphinx Il speech recognition application
tion Library. Then, the synthesized netlist was fed into Duet{gliscussed in Section IV-A).

Epoch physical design tool to generate the physical design inTable | summarizes the average power consumption of the
a 0.5um CMOS process. The layout of the FP multiplier apFP multiplier. The mantissa multiplier completely dominates
pears in Fig. 4. A SPICE netlist with all the capacitance infothe power, followed by the rounding unit which accounts for
mation back-annotated was read into Synopsys’ PowerMill to@ughly one sixth of the power. We note that the power dissipa-
to perform full transistor-level power simulation. Determiningion does vary significantly for different data sets; for example,
the complete power dissipated in a multiplier requires the seén-another experiment with just 100 random vectors the multi-
sitization of all possible combinations of inputs, which meandier power consumption dropped to roughly two thirds of the
we would need to have?" input combinations wheréV is total power and the rounder increased to about one quarter of the
the number of inputs. Fortunately, it is possible to estimate thewer. Nevertheless, the mantissa multiplier always consumes
meanpower consumption using statistical techniques [13]. Apnore power than all other blocks.

plying these ideas, we simulated 50 batches of vectors with eachVe interpret these results as follows. First, it is clear that a
batch containing 30 vectors in the Synopsys PowerMill tool; thigistom-designed FP unit, in contrast to our ASIC-style design,
was sufficient to ensure a 95% confidence interval. The cosll have superior area, speed, power. Nevertheless, we argue
rect cycle time was obtained from static timing analysis. Thbat our ASIC experiment validates one clear design assump-
test vectors were taken from streams of actual multiplicatidion: the mantissa multiplier itself dominates the power in an
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: ; ; As a preliminary experiment to assess the impact of using
i et g g eI P a higher radix, we used a software FP emulator to measure
s Eup the number of normalization shifts when different radices are
used. Our benchmarks were a large set of signal processing ap-
plications focusing on human sensory data, described in Sec-
tion IV-A. The result shows that the number of normalization
shifts is reduced by less than 10% for base 16, suggesting the
potential for only a modest power reduction in the normalized
shifter. We conclude that changing the implied radix is not a
high-priority target for power optimization.
On the other hand, there does exist potential power savings
G in the prealignment shifter. Both [7], [8] show that a log shifter
i o gt has a lower energy-delay product. For single-precision addition
H}]" {I H “ m AT AR TRt i and subtraction, three muxes are needed in series for radix 2
AT

LER

~ Mantissa Multiplier

; Al S o representation while only two muxes are needed for radix 16
Expoﬁpnt__pgﬁ . : representation. This reduces the area, delay, and power of the

barrel shifter.

B. Simplifications of Rounding Modes

Fig. 4. Layout of the single-precision FP multiplier. This FP multiplier was
synthesized and laid out using a conventional cell-based ASIC flow in aif.5- Whenever a FP number cannot be exaCtIy represented’

CMOS process. The size of the multiplier is 1.091.15 sq mm. the number is rounded, introducing an error that is less than
the value of the least significant bit (depending on rounding

. o method). Because this error can be significant, especially for
FP multiplier. To reduce power dissipation, we should focus OUlhall numbers or when accumulated over a series of compu-

efforts here. And, if we agree to interpret our data a bit MOt&tions, the IEEE FP standard specifies four rounding modes

closely, the rounding unit is always the next most significa%r programmers to choose from. The default rounding mode

power consumer. We conclude that reducing power d'ss'pat'@”‘round to nearest/even,” which means always round to the

in these twq units (T““'“p"e“ rour'lder).should be our priori,tynearest representable number, and in the case of a tie, round
n the.followmg sngons, we examine different power reductlot% the even representation. This rounding mode often involves
techniques specifically targeted at these two functional bIOCkﬁ'carry propagate addition that lies in the critical path of most

FP operations. The other three optional modes are: “round to

IV. ATTACKING FP POWER DISSIPATION AT A SYSTEM LEVEL  plus infinity,” “round to minus infinity,” and “chopped” (i.e.,
round-to-zero) which is equivalent to truncation. The hardware

C_:on3|_der|_ng the IEEE represe_ntatlon of FP numbers as quuired to support the first two optional rounding modes
scribed in Fig. 1, there are four dimensions that we can eXplcfﬁesimilar to the default “round to nearest,” so there is little

to reduce power dissipation, which are enumerated in Tablet adeoff in terms of power among these three rounding modes.
We regard this as a rough taxonomy of format versus power . ) :
Chopped-mode (i.e., truncation), however, is an excellent

tradeoffs. The guestion we seek to address is: what ag candidate for potential power reduction. As Table | shows, the

tltat|ve_trade0ffs betweeﬁ program accuracy and the power COrrtw)_unding unit (using the default rounding mode) consumes
sumption for the FP unit?

about one sixth of the FP multiplier's total power when run-
ning operands from a speech recognition benchmark. Using
chopped-mode would eliminate almost all of this power con-
The implied radix of the IEEE 754 standard is two. Neveisumption. However, truncating all results could compromise
theless, a different implied radix, usually a higher radix that the final output accuracy of a program. As a simplistic initial
a power of two, can be used. For example, historically, the IBBkperiment to assess the impact that chopped-mode has on
360 mainframes used a radix of 16 to reduce the complexity aécuracy, we evaluated the output of the SPEC95 benchmark
shift logic [25]. suite [27], [28] compiled to use “chopped” rounding mode.
From a power perspective, a higher radix means less typgmsmewhat surprisingly, results show that seven out of the eight
of shifts and (potentially) fewer normalization shifts. There arSPEC95fp double-precision benchmarks are independent of
basically two types of shift operations in FP operations: nothe rounding modes used (Table IIl). Therefore, disabling the
malization shifts and prealignment shifts. Normalization shift@unding unit (e.g., by clock gating) could reduce total power.
are needed after any arithmetic operations to put the final repreOf course, we must emphasize that the effect of rounding will
sentation in a canonical format. Prealignment shifts are needipendstronglyon the input set and application. In mission crit-
only in FP additions and subtractions to ensure the two operanca applications, a sensitive numerical analysis of the required
have the same exponent. Other researchers [7] have extensipedcision will be required. However, the experiment does sug-
evaluated the best shifter configuration for doing prealignmegest that there may be situations where a program’s output is
shifts. insensitive to the rounding modes and thus rounding may be

A. Change of Implied Radix

Google Ex. 1035 - Page 9
Authorized licensed use limited to: IEEE Publications Operations Staff. Downloaded on July 24,2020 at 18:41:05 UTC from |IEEE Xplore. Restrictions apply.



TABLE |

TONGet al.: REDUCING POWER BY OPTIMIZING PRECISION/RANGE OF FLOATING-POINT ARITHMETIC 277

POWER CONSUMPTION OFSINGLE PRECISIONFP MULTIPLIER

Functional Block

Power Dissipation (% of total)

Mantissa Multiplier 81.2
Rounding Unit 17.9
Exponent Unit 0.833
Others (Exception handling etc.) 0.066

TABLE I
DESIGN DIMENSIONS FORFP REPRESENTATION

Dimension

Description

Change of the implied
radix

Increase the implied radix from 2 to 4 (or 16). This provides greater dynamic range
but lower density of floating point numbers, potentially leading to power savings
since fewer normalizing shifts are necessary.

Simplification of round-
ing modes

Full support of all the rounding modes is very expensive in terms of power. Some
programs may achieve an acceptable accuracy with a modified low power rounding
algorithm.

Reduction in mantissa
bitwidth

Reduce the number of mantissa bits at the expense of precision.

Reduction in exponent
bitwidth

Reduce the number of exponent bits at the expense of a smaller dynamic range.

TABLE Il

EFFECTS OFNO ROUNDING ON SPEC95 ROGRAMS THE SPEC95 FP APLICATIONSWERE COMPILED ON DIGITAL UNIX 4.0 USING f70. AN EXTRA COMPILER
FLAG “FPRM CHOPPED' | S ADDED SO TRUNCATION |S PERFORMEDINSTEAD OF ROUNDING. “RUNSPEGDFP’ | S USED TOCHECK THE OUTPUT RESULTS

Benchmark Inputs # of FP operations Correct Qutput
mgrid mgrid.in 52,692 M Yes
hydro2d hydro2d.in 18.739 M Yes
applu applu.in 18,463 M Yes
turb3d turb3d.in 35,596 M Yes
fpppp natoms.in 64,807 M Yes
wave$s waveS.in 11,435 M No
tomcatv tomcatv.in 14332 M Yes
. su2cor su2cor.in 14,630 M Yes

disabled—perhaps at the discretion of intelligent software coducing the operand bitwidth might provide huge opportunities

trol—to minimize power.

C. Reducing Exponent and Mantissa Bitwidth

in minimizing power.

Consider again a typical FP format: one sign bit, a relatively
large fractional mantissa field, a relatively smaller exponent
field. Since the sign is only 1 bit, we only examine the pos-

The most intuitive way of reducing the complexity of FP opsibility of reducing the number of bits used in the exponent
erations will be to reduce the number of bits in the FP represeand the mantissa. As the following sections reveal, reduction in
tation. According to [1] and [9], a multiplier's power consumpithe mantissa bitwidth is the most effective means of reducing

tion decreases rapidly with the operand bitwidth. Therefore, neewer dissipation in FP datapath elements.
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TABLE IV
DESCRIPTION OFFP WORKLOADS

Workload Description Accuracy Measurement

Sphinx I CMU’s speech recognition program based on fully { Accuracy is estimated by dividing the number of
continuous hidden Markov models. The input set | words recognized correctly by the total number of
is taken from the DARPA evaluation test set which | words in the input set.
consists of spoken sentences from the Wall Street
Journal. [10]

Source code size: 15,623 lines.

ALVINN Taken from SPECfp92. A neural network trainer | The input set consists of 50 road scenes and the
using backpropagation. Designed to take input accuracy is measured as the number of correct
sensory data from a video camera and a laser range | travel direction decisions made by the network.
finder and guide a vehicle on the road.

Source code size: 314 lines.

PCASYS A pattern-level finger print classification program | The input set consists of 50 different finger print
developed at NIST. The program classifies images |images and the classification result is measured as
of fingerprints into six pattern-level classes using a | percentage error in putting the image in the wrong
probabilistic neural network. class. The accuracy of the recognition is simply
Source code size: 11,424 lines. (1 - percentage error).

Bench22 An image processing benchmark which warps a Percentage deviation from the original outputs is
random image, and then compares the warped used as a measure of accuracy.
image with the original one.

Source code size: 926 lines.

Fast DCT A direct implementation of both 2-dimensional 100 random blocks of 8x8 pixels are transformed
forward Discrete Cosine Transform (DCT) and by forward DCT and then recovered by inverse
inverse DCT on blocks of 8x8 pixels. DCT. Accuracy measured as percentage of cor-
Source code size: 1059 lines. rectly recovered pixels.

V. MINIMIZING POWER VIA BITWIDTH REDUCTION Original

Code
It is obvious that power dissipation in an FP unit can be re
duced by using fewer bits in the FP representation. Howeve c
fewer bits reduces precision and might result in a less acc Annotated
rate output. In this section, we first measure empirically th"om 2 ©©
bitwidth requirements of several real programs, then sugge .

techniques for minimizing power dissipation by using smallt?:r Ep emulation b ot g
bItWIdth functlonal UI’]ItS. ig. 5. emulation by annotating the source code.

for (k = 0; k <= LOOP; k++)
error += (teach(k] - output(k]) * (teachik] - input[k]} ;

>
for (k = 0; k <= LOOP; k++)

etror = fadd(error, fmult( fsub(teachk], outputfk]),
fsub{teach[k], input[k]) ) );
=

A. Workloads and Methodology B. Results

To study the relationship between program accuracy andFig. 6 plots the accuracy for each of the five programs across
number of bits in FP representation, we have collected a getange of mantissa bitwidths. None of the workloads display a
of five signal processing applications. These programs mairfipticeable degradation in accuracy when the mantissa bitwidth
deal with human sensory data such as digitized images aadeduced from 23 to 11 bits. For ALVINN and Sphinx I1I the
speech. All of them are single-precision FP programs and thi@gults are even more promising; the accuracy does not change
are described in Table IV. As can be seen in the table, theggnificantly with as few as 5 mantissa bits.
range in complexity from single-purpose kernels to complete Fig. 7 shows that each program’s accuracy has a similar trend
applications. when the exponent bitwidth is varied. With seven or more expo-

To determine the impact of different mantissa and exponemnt bits, the error rates remain quite stable. Once the exponent
bitwidths, we emulated in software different bitwidth FP unitbitwidth drops below six, the error rates increase dramatically
by replacing each FP operation with a corresponding functi@md in some cases the programs could not finish properly.
call to our FP software emulation package that initially imple- These results clearly demonstrate that not all programs need
ments the IEEE-754 standard (Fig. 5). Careful modifications the precision provided by generic FP hardware. The reason be-
the FP emulation package allowed us to emulate different mdmind this result is that many programs dealing with human in-
tissa and exponent bitwidths. Then, each program was run usiagaces process sensory data with intrinsically low resolutions.
the modified FP package, and the results were compared to Bew input data with 4—10 bits of precision is rather common
termine application accuracy. in these applications. While intermediate results often require
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Fig. 6. Program accuracy across various mantissa bitwidths.

132:22? —e_ ALVINN met@q offers. Simply using fixe(_j—point representation without

e —m—Bench22 additional (usually manual) scaling will not resolve the problem.

> 80.00% —a—Fast DCT It should be noted that these complex applications were
S 7000% ¢ —e—PCASYS aggressively tuned by various software designers to achieve
;8 60.00% —X— Sphinx good performance using full IEEE representation. However,

g S000% T Figs. 6 and 7 show that significantly smaller bitwidth FP units
g 40.00% + can be used without compromising the necessary accuracy. For
2 :g'xz" T instance, certain FP constants in the Sphinx Ill code required
T more than 10 bits of mantissa to represent, but we modified
10.00% + those numbers so they could be represented using fewer bits
0.00% 8 7 p s 4 s during our experiment. Nevertheless (and perhaps somewhat

surprisingly), these reductions in precision had little impact on
the overall speech recognition accuracy. We believe that if the
Fig. 7. Program accuracy across various exponent bitwidths. Figs. 6 an@l’}mencal beh?V"?r of these gpphcaﬂons were -tUBIQFiIICItly

show that we can reduce both the mantissa and exponent bitwidth withé@t & smaller bitwidth FP unit, we could obtain even better

affecting the accuracy of the programs. This effect is especially prominentﬁerformance_
the mantissa. This reduction of bitwidth can be turned into a reduction in power

dissipation with the use of appropriate arithmetic circuits. . L ) o .
C. Different Bitwidth Requirements Within a Single

Exponent Bitwidth

more dynamic range than is available with small bitwidth fixedPPlication
point computation, the programs do not require vastly more The results in the previous section assumed a single custom
precision. This is different from scientific programs such asP format used across all FP operations. Clearly, this is a rather
large-scale computational fluid dynamics or electrical circufitrict assumption. This section analyzes changing bitwidth re-
simulation, which not only require a huge amount of precisiagquirementswithin a single program. Clearly, different subrou-
and dynamic range but also delicate rounding modes to presetimes within one program may require different bitwidths to pro-
the accuracy of the results. What is quite clear from these expduce the expected results. To illustrate this, we use the Fast DCT
iments is that the FP format provides essential dynamic rangmgram as an example.
(we can reduce, but not reduce dramatically, the number of ex-The Fast DCT program naturally divides into two subpro-
ponent bits) but the fine precision of the 23-bit mantissa is ngtams: theforward DCT and theinverseDCT. Forward DCT
essential (half as many bits often suffice). converts a block of & 8 pixels into a block of transform coef-
For programs that do not need the dynamic range or the pfieients, which represents the spatial frequency components of
cision of FP arithmetic, the use of fixed-point arithmetic wilthe original block. Inverse DCT converts these coefficients back
reduce chip area, operation latency, and power consumption.tima block of 8x 8 pixels.
deed, common design practice for these applications is to protofig. 8 shows the mantissa bitwidth requirements for forward
type software in FP, then translate into a suitable “finite” fixedCT, inverse DCT, and the entire Fast DCT program. When the
point representation [26]. But for the workloads in Table I\Mnantissa bitwidth in the Forward DCT section is varied, we keep
three programs require 6 bits or more in the exponent to ptee mantissa bitwidth in the inverse DCT section at 23 bits. Re-
serve a reasonable degree of accuracy, which means they reéts show that both the forward DCT and the entire Fast DCT
more than the typical 32 bits of precision that fixed point arittprogram require 11 bits of mantissa to maintain 100% accuracy
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100.00%

size of the digit-serial architecture does not have to be fixed. We

~o— Fast DCT [P :
—=—Forward DCT chose a digit size of 8 bits because most processors support bus
—&—Inverse DCT widths which are multiples of eight. Itis already well understood
that digit-serial arithmetic offers some power advantages (e.g.,
[14] offers a comparative analysis of power consumption among
different digit-serial architectures). Hence, digit-serial multipli-
cation seems well suited to our application.

To perform accurate comparisons, a complete Bdigit-se-
rial multiplier was modeled in Verilog and then taken to layout
using our previously described ASIC design flow, using a stan-
dard 0.5xm CMOS process. Synopsys’ Design Compiler tool
was used to synthesize the multiplier's control logic; the com-
plete physical design was done using Duet’s Epoch layout tool.

We compare our variable bitwidth multiplier with a baseline
fixed-width 24 x 24 bit Wallace tree multiplier. The layout of
Fig. 8. Program accuracy versus mantissa bitwidth for Fast DCT. this Wallace tree multiplier was generated by Epoch’s proce-
dural cell generator in the same Q.53 process used in the de-

) ] ) ) sign of the digit-serial multiplier. The two multipliers are de-
while the inverse DCT requires only 9 bits. All three programsgrihed in Table V. Cycle time is estimated using Epoch’s static

(or subprograms) have exactly the same behavior (same Rfgjing analysis tool, Tactic, and is rounded to the nearest 5-ns
gram accuracy) when the exponent bitwidth is varied from 7 {gierval for simplicity. The lower precision digit-serial design

3 bits. ) o ] is slightly larger, since it includes control logic, and was also
Even though the mantissa bitwidth requirements of forwagdeated in an ASIC style, in contrast to the larger Wallace tree,
DCT and inverse DCT are almost the same, the result shayygich is from an optimized layout compiler. Nevertheless, the

that different sections of a program may indeed have differegiit-serial design is considerably faster, since the lowered pre-
bitwidth requirements. This can be exploited to reduce powgkgijgn (8x 24 versus 24 24) creates shallower logic.

dissipation: when forward DCT is being executed on a pro- 14 compare energy or power, we need to make several as-
cessor, an 11-bit mantissa multiplier/adder is required, whiles§ntions. Assuming to first order that the multiplier core itself
9-bit mantissa multiplier/adder will be enough for inverse DCE the dominant energy consumer, we will focus here. Also, we

ope_rations. ) do not consider here any global cycle-time impacts. Clearly, if
Since both the forward DCT and inverse DCT use the Safig replace a 24 24 multiplier with a faster 8 24 multiplier,

basic algorithm, their bitwidth requirements differ only a littles, g_ 5nd 16-bit operands, our FP multiplier may well consume
For programs that integrate a wider portfolio of different algQggg of the overall cycle time. We might be able to shorten the

rithms, we expect a wider range in the bitwidth requiremeni$,cie time if the FP multiplier is on the critical path, and if we

within the program. know that 24x 24 multiplications are rare, we can simply man-

N ) o o date an extra cycle. (Note again from Table V that the digit se-
D. Exploiting a Variable Bitwidth Multiplier rial multiplier is only advantageous for precisions less than full

Our results show that different FP programs exhibit differing4 x 24 bit multiplication.) But, an alternative scenario is to

requirements for mantissa and exponent bitwidths. Hence, lepve the cycle time constant, and simply slow down the lower
reducing either precision or range from 32 to fewer bits, werecision multiplier (via circuit redesign, e.g., [29]) to the same
should be able to create custom FP hardware which has lowlefay as the full-precision multiplier. Operating at lower pre-
power simply because of the bit reductions. For a narrow, agision and lower speed, this multiplier will consume even less
plication-specific task, a single custom FP format may be a yower. We choose for now to avoid these questions and tradeoffs
able option. However, to be more generally useful, we needaod simply focus on the multiplier cores themselves. To sidestep
consider arithmetic architectures which can scale to differethiese cycle time issues, we choose to focus on multiglier
FP formats. Even though we may be able to assume that mexgty/operatioras our metric of comparison.
of our operands can be computed successfully in limited pre-Our specific goal is a first-order analysis of the energy impact
cision, it appears inevitable that some fraction of our operandsreducing mantissa precision. To do this, we look first at en-
will require full IEEE-standard precision. As one potential scergy/operation as the comparison metric and assume each mul-
lution, we explore in this section one architecture feasiable tiplier simply operates at the speeds determined via static timing
bitwidth FP multiplierto reduce power consumption. To supporanalysis in Table V. For each design, a SPICE netlist was gen-
variable bitwidth multiplications (up to 24 24 bit), we con- erated from layout and used to estimate energy/operation, using
sidered a 24« 8 bit digit-serial architecture similar to the one the same statistical methodology as was used for the baseline FP
described in Hartley and Parhi [12]. The 48 bit architecture multiplier in Section Ill (i.e., 95% confidence intervals, stimuli
(see Fig. 9) allows us to perform 8-, 16-, and 24-bit multiplirom the Sphinx 11l speech workload).
cation by passing the data once, twice, or three times thougtFig. 10 plots the energy/operation and latency/operation
the serial multiplier. A finite state machine is used to contrdor the digit-serial multiplier. Both the energy/operation and
the number of iterations through the core multiplier. The digiatency/operation increase linearly with the operand bitwidth.
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Fig. 9. Block diagram of a 24 8 digit-serial multiplier.

TABLE V
TIMING AND AREA OF THE TWO MULTIPLIERS. TO PERFORM 16-BIT MULTIPLICATION USING THE DIGIT-SERIAL MULTIPLIER, TWO CYCLES ARE NEEDED WHICH
INCREASES THETOTAL DELAY/OP TO 30 ns. SMILARLY , 24-BT MULTIPLICATION TAKES THREE CYCLES (45 ns)

Multiplier Cycle Time Latency/op
Wallace (24x24) .777square mm 40ns 40ns
Digit-Serial (24x8) .804 square mm 15ns 15ns

'mDigit Serial |

2500 + — 50 2500 |
/mMWallace Tree
2000 1 40 i bbbl
a s 2000 -
3, 1500 30 2 =
5 g s 1500
2 1000 + L op 8 a :
w 3 Qe
> :
500 + + 10 2 4000 -
2
0 — 1t w
8 bits 16 bits 24 bits 500 -

Operand Bitwidth

AIVINN  Fast DCT Bench22 PCASYS  Sphinx

Fig. 10. Performance of the digit-serial multiplier. Both energy/op and
latency/op of the digit-serial multiplier increase linearly with the operand
bitwidth. Digit-serial architecture allows us to perform variable bitwidth
arithmetic and save power when the bitwidth requirement is less than tifdg. 11. Estimated multiplier energy reduction using digit-serial multiplier. A
specified in the IEEE standard. reduction of up to 66% in energy/op is attainable for Sphinx and ALVINN with

the use of a digit-serial multiplier. Both Sphinx and ALVINN need only 5 bits

of mantissa to be 90% accurate, and thus an 8-bit operand bitwidth is used for

e i ; ~ digit-serial multiplier. PCASYS requires 11 bits of mantissa while Bench22

This is due in part to the fact that we use a Wallace tré‘r?ceauiresg bits, and thus a 16-bit operand bitwidth is used which results in a 30%

structure, rather than an array multiplier [9] (for which energynergy/op reduction.

savings are more dramatic as bitwidth decreases). Also, we

require extra random logic for control of the multiple passegoes consume 19% more energy when performing 24-bit mul-

through the digit serial structure for larger width operandgplication due to the overhead circuitry.

This additional energy is the penalty we pay for the flexibility Fig. 11 shows a simple estimate of the potential energy sav-

of doing variable bitwidth multiplication. ings in the FP multiplier for our five programs if we use the digit-
For 8-bit multiplication, the digit-serial multiplier consumesserial multiplier as the mantissa multiplier. The data is based on

78% less energy than the 2424 Wallace tree multiplier (in the the estimate that a 24-bit Wallace tree multiplier consumes 80%

case of Sphinx and ALVINN). When 9-16 bits of the mantissaf the total energy in a single-precision FP multiplier. (We have

are required (in the case of Fast DCT, PCASYS and Bench2fgken the data from Table | and simply rounded the multiplier

the digit-serial multiplier still consumes 32% less energy thaore’s contribution to 80%.) A reduction of 66% in multiplica-

the 24x 24 Wallace tree multiplier. The digit-serial multipliertion energy/op is attainable for Sphinx and ALVINN with the

Programs
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Set Bitwidth = B; (where B; is the lower bound on data bitwidth) knowledge of its algorithms, a compiler can be used to annotate
the source code and find at least the approximate bitwidth

do requirement automatically, assuming a comprehensive data set
Run the program with B; is available.
Error = Run Result - Expected Result To demonstrate the possibility of compiler assisted bitwidth
reduction, we added a compiler pass to the SUIF research com-
Increase B; plier [30] to help us find the bitwidth requirement of FP pro-
J while (Error > Error Threshold) grams. SUIF was developed at Stanford with the objective of
providing a research vehicle that allows compiler researchers to
Fig. 12. Calculating necessary FP bitwidth for an arbitrary program. implement their ideas without having to write a new compiler

from scratch. After every step in the SUIF compilation process,

use of a digit-serial multiplier. Both Sphinx and ALVINN needa standard format is written out. This allows us to insert any op-
only 5 bits of mantissa to be 90% accurate, and thus an 8-tinization in a separate compiler pass.
operand bitwidth is used for the digit-serial multiplier. PCASYS We modified SUIF by inserting a pass that annotates the
requires 11 bits of mantissa while Bench22 requires 9 bits, as@urce code of FP programs. For every FP operation, the
thus a 16-bit operand bitwidth is used; this results in a 30% enput operands were masked with the desired bitwidth. This is
ergy/op reduction. analogous to what we have done manually in Section IV-B. Of

These comparison results, though still clearly approximaiggurse, masking is an unsubtle approach to precision reduction:
do suggest that significant energy savings are achievable liyy zeroing low-order mantissa bits, we prevent the rounding
using lower precision arithmetic. Of course, our digit-seriahechanisms from correctly propagating bits up into the higher
multiplier was designed using an ASIC approach and was rwtler bits we retain. Nevertheless, as an experiment this does
as heavily optimized physically as the Wallace tree multiplieprovide some flavor of the sorts of optimizations we believe
which was compiled/optimized for the process, and digit-serighould be possible given a more diverse arithmetic substrate.
arithmetic is only one architectural alternative here. Given ti&arting from the original bitwidth specified in the IEEE stan-
decreasing cost of silicon area, and the small size of a reductudd, the program was executed using a representative input
precision FP unit, one might imagine simply including botlset. The output was then compared with the expected result. If
full and reduced precision FP units, and using appropridfee results match, the bitwidth was reduced and the program
sleep-mode circuit techniques to shut down the unused umias again executed using the same input set. This iterative
Assuming a richer, less homogenous arithmetic substrate fwpcess continues until the minimum bitwidth that can satisfy
power-optimized computation naturally suggests opportunitigse output requirement is found. All of the above steps can
for compiler support, i.e., exposing a more diverse set of prebie automated using a simple script. As a simple but concrete
sion/speed/power tradeoffs and allowing software developexsperiment here, we used the SUIF-generated code for the Fast
to choose appropriately. We briefly treat this idea in Section VIRCT program and found the same bitwidth requirement as we

did with the methodology described in Section IV-C.

E. Software-Assisted Bitwidth Reduction Modern compilers are capable of performing sophisticated

Since different applications require different algorithms téechniques of code optimization to improve program perfor-
determine program accuracy, software support is desirablemance. Global compile-time optimization of the necessary pre-
order to harness the benefits of this bitwidth reduction techision/range for arithmetic operands may be feasible if we inte-
nique. This can be done by the programmer—but can be assigigate variable-precision units, or a collection of mixed-precision
greatly by the compiler. arithmetic units in our hardware.

There are two approaches that the programmer can take. For
applications where the bitwidth requirement is known in ad-
vance, the programmer can annotate the source code explic-
itly or modify the declaration of the data types. For instance, Substantial work on low-power datapath design techniques
since Sphinx requires only 5 bits of mantissa and 6 bits of expgoas been done at the circuit level. In particular, there have
nents to maintain 90% of recognition accuracy, the programniszen many studies on low-power multiplier designs due to
can simply choose an appropriate, available lower precision B prevalence of multiplication in DSP-type applications
format. Given this information, the compiler can then optimizE17]-[19]. However, there have been few published studies
the object code for power. In applications where there is no pri@argeting power reduction techniques for FP multipliers or the
knowledge of the required bitwidth, the programmer can insexhtire FP unit at the system or architectural level.
an error analysis procedure [15] which adjusts the data bitwidthThe basic principle behind our proposed technique is to avoid
during data profiling (analogous to self-adjusting bit-precisionnnecessary or useless work in the hardware. This principle has
techniques applied in low-power digital filters [16]). This is il-been applied in other work to either improve performance [20]
lustrated in Fig. 12. The finaB; will be the minimum bitwidth or reduce power consumption [21]. For example, [20] proposes
that can satisfy the accuracy requirement for that specific dakee use of “memoing” to accelerate multimedia processing. By
set. saving the input and output of previous calculations and using

In situations where the error analysis routine is too conthe output if the inputs are encountered again, the authors report
plicated or where the program users have no comprehensiweaverage computational speed up of more than 20%. In [21],

VI. RELATED RESEARCH

Google Ex. 1035 - Page 15
Authorized licensed use limited to: IEEE Publications Operations Staff. Downloaded on July 24,2020 at 18:41:05 UTC from |IEEE Xplore. Restrictions apply.



TONGet al.: REDUCING POWER BY OPTIMIZING PRECISION/RANGE OF FLOATING-POINT ARITHMETIC 283

regitgters o
o
P e
< RETETD y A
th;{g“ltlg Clk and zero48
registers
\V4 Result15-0
Zero
Operand A - Dot
pfr,om 64 AG-16] s -
registers Latch 4
High
Clk
— Integar
Arso X* Functional
Latch Unit
Fow Result63-16
Clk and zero48 —l
T
Operand B - B
from 64 Be3-16 |, B 64
registers > High 4
Clk
B15-0
Latch
Low

Fig. 13. Clock gating architecture proposed in [24].

the idea of reusing computation results stored in a cache-likeHowever, [24] does not include data on FP programs.
structure was proposed. But the design parameters of the stisitice our work focuses primarily on FP operations, we have
ture (“execution cache” coined by the authors) are optimizexrformed a similar analysis on SPECfp95 applications. In this
for power minimization instead of just improving the executionase, we define an operation anharow bitwidth operation
speed. They reported energy savings up to 60% in the integdren both of its operands have mantissa values that can be
unit. packed in 16 bits or less (the lower bits of the mantissa are all
Furthermore, the idea of reducing bitwidth to save power hazeros”). One obvious difference here is that we are looking at
also been employed in other areas of low-power research. [#2& most significant 16 bits of the mantissa instead of the least
showed that an average of more than 4 bits of pixel resolutisignificant bits as in integer operations.
can be dropped during motion estimation to obtain a power re-Also, our methodology for measuring the power savings
duction of 70%. To reduce energy consumption at the 1/O pinis, different. Instead of looking at the percentage of narrow
[23] proposes sending only those address bits that have chandpitghidth operations, we estimate the power saving by evaluating
For integer applications that do not need 32 bits of precision, ttie percentage of narrow bitwidth operatiomecededby a
Intel MMX instructions allow arithmetic operations on multiplenonnarrow bitwidth operation (or wide bitwidth operations). It
narrow subfields of a data word simultaneously. is well known that power dissipation in CMOS circuits is pro-
A closely related approach was proposed by Brooks apdrtional to the switching activity of the circuits. For instance,
Martonosi [24]. In that paper, the authors found that acrof#ghe narrow bitwidth operations tend to cluster together, then
the SPECIint95 benchmarks, over half of the integer operatidies consecutive operations using the same functional unit, the
require 16 bits or less. They proposed to reduce processgper bits of the inputs remain at “zeros” or “ones” all the
power consumption by using aggressive clock gating to tutime which should then generate fewer transitions in the upper
off portions of integer arithmetic units when the full width of gportion of the datapath circuits.
functional unit is not required (see Fig. 13). By evaluating the To estimate the power reduction by clock gating the input
percentage of narrow bitwidth operations, they reported thaperands, we need to count the number of transitions from wide
the optimization results in an over 50% reduction in the integbitwidth operations to narrow bitwidth operations (Fig. 14). We
unit’'s power consumption. used the instrumentation program ATOM to instrument eight
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Fig. 14. Estimation of power reduction via clock gating. The figure shows
a set of consecutive integer add operations for a 32-bit machine. Assume
for illustration that narrow bitwidth operations are defined as instructions
where both operands use less than 8 bits. Transition A (insts instr2)

is a transition from wide bitwidth operation to narrow bitwidth operation. 0.001 + +

Transition B (inst2 — instr3) is a transition from narrow bitwidth to narrow ALVINN Bench22 Fast DCT PCASYS Sphinx il
bitwidth operation. With clock gating, we only save power in transition A, but
not transition B.

% of FP Instructions
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Fig. 16. Percentage of narrow bitwidth operations in our workload.
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allow compile-time optimizations that simply omit the unnec-
essary bits and computations on them, and by exposing these
variable precision possibilities to the compiler, a wide range of
further system-level optimizations may be feasible.

50 @ Narrow Op Preceded by Wide Op
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% of FP Instructions

0 VIl. CONCLUSION

, i ‘ Many mobile/portable electronics applications will ulti-
mgrid applu foppp tomeatv mately need to process human-sensory data such as speech or
Benchmarks video imagery. This data is often acquired at relatively low bit
resolutions, e.g., 4-10 bits of precision. Nevertheless, many
Fig. 15. Percentage of narrow bitwidth operations in SPECfp95. signal processing algorithms are more easily and efficiently
coded assuming an FP representation, which liberates de-
SPECfp95 programs (Table I1l) and count the number of tramelopers from concerns over either the precision or range of
sitions from wide bitwidth operations to narrow bitwidth operthe intermediate results. Common design practice is then to
ations. translate these FP algorithms into fixed precision arithmetic.
The results of the experiments are shown in Fig. 15.The pdihe intuition underlying this study is that many of these
centage of narrow bitwidth instructions that are preceded bypplications—especially those that process low-resolution data
wide bitwidth instructions varies from 8 to 20%. Taking intaand render as a result a decision, such as speech and image
account the power consumed in the overhead logic (latches #adognition—may be better served with a custom, reduced FP
zero detection circuits), actual power reduction is approximatdiyrmat.

5-10%. By annotating source code to replace FP operators with calls
Furthermore, we examined the occurrence of narrow width emulation routines, we were able to systematically vary the
FP operands among the five programs in Table IV to see hé# format across a set of speech and image processing tasks.
a clock gating scheme might save power for these programsalysis of these FP programs shows that they suffer no loss

Fig. 16 shows the result (notice that the y-axis is in log scal@f accuracy, even with a significant reduction in bitwidth, thus
For Sphinx and Alvinn, the percentage of narrow width opeconfirming our intuition. Most FP programs in our benchmark
ations is less than 1% of the total FP operations. These ressli#e maintain the same output even when the mantissa bitwidth
suggest that arithmetic unit clock gating schemes, which cereduced by half. Exponents can likewise be reduced, but not
leverage the relatively high frequency of consecutive narroas dramatically. In hindsight, this result is reasonable: these
bitwidth operands in integer datapaths, are less viable in the smrtles require more dynamic range than can be achieved with
of human-sensory FP signal-processing workloads we think wiked-width integers, but not dramatically more precision in in-
be important in portable/mobile electronics. In general, thetgrmediate results.

sorts of “dynamic” suppression techniques are very attractiveThis FP bitwidth reduction can deliver a significant energy
because of their transparency: the hardware appears to the pewings through the use of a variable bitwidth FP unit. By cre-
gram to be doing a typical arithmetic operation at full preciating and comparing ASIC-style fixed-width and variable-width
sion, yet at circuit level, useless transitions are suppressed. Baetluced-width) FP multipliers, we estimated that a reduction of
based on our observations of FP workloads, we believe thengto 66% in multiplier energy/operation can be achieved in the
is merit in makingexplicit the fact that some operandbvays FP unit without sacrificing any program accuracy. As a result of
need more/fewer bits than others. Our initial experiments sutpese experiments, we suggest that the fact that some operands
gest that the availability of reduced-precision arithmetic coulteed different bitwidths should be exposed to compilers. This

+-

0 -+
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would allow us to attempt compile-time precision/range opti-[14]
mizations which could then be realized using either variable-
precision or a collection of mixed-precision arithmetic units s
in hardware. This approach has two attractive advantages: it
opens another perspective on power optimization to the com[iG]
piler for large-scale global optimization, and the availability of
mixed-precision arithmetic always allows us to recover from ex{17]
traordinary circumstances by simply repeating a computation
with extra precision. [18]
To date, there has been relatively little work on FP represen-
tation and computation from the perspective of power optimizahg]
tion. This is in contrast to a large and growing body of circuit,
logic, and system-level optimizations for integer arithmetic. We
argue that FP computation is inevitable as low-power systemigdl
evolve and that studies of the tradeoffs available among operand
precision, dynamic range, and rounding modes can play an im-
portant role here. [21]
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