Chapter 1

Introduction

Nowadays, portable @e&es such as laptop and notebook computersasepopular
These deices require engy eficient design in order to maximize battery lifetime. Reducing the
power consumption of microprocessors has become increasingly importany. skddres hee
shavn that memory accesses account for a noticeable lpercentage of the total vper
consumption in microprocessors, making thevg@oconsumption of caches and main memory an
important concern [13].

Caches are a significant part of the processor due to the increasing disparity between
processoryxcle time and memory access time. High performance microprocessors normelly ha
one or tvo levels of on-chip cache in order to reduce thiecbfp trafic as much as possible.
Off-chip accesses are not only at least a magnitudeeslut also dissipate a Ige amount of
power via highly capacie 1/O pads. Thus, caches are important not only for high performance,
but also for lev power to help reduce the amount of-ohip communication.

The paver dissipated by the on-chip cache itself is often a significant part ofule po
dissipated by the entire microprocessbor example, in the StrongARM 110 from DEC and the
Pover PC from IBM, cache peer consumption is either the dmst or second Igest
power-consuming block [13]. In the StrongARM CPU which has the current best SPECmarks/
watt rating, 43% of total peer is dissipated in the on-chip caches [11]. Anotlkangle is the



DEC 21164 microprocessawhose on-chip cache dissipates 25% of the totaepfil1l]. Hence,
to achiee an engy eficient design, it is necessary to reduce thegralissipation in the on-chip
caches.

In a typical processor with a split cache architecture, the instruction cache (I-cache)
consumes more peer than the data cache (D-cache) because the I-cache is accessed for each
instruction while the D-cache is accessed only for loads and stores. Since around 25-30% of the
executed instructions are loads and stores, theitgctf the D-cache is around 25-30% of the
actvity of the I-cache. Clearyhe I-cache is an attraati taget to reduce poer consumption.

This thesis, therefore, focuses on reducing th@&epaconsumption of the vel-1
I-cache by using an in-cache instruction compression technique that atsdsvgrdlines to
reduce the number of bits read for compressed instructianacclirately estimate cachenss,
we hare developed a cache per consumption model as well as a cache simul@ta analytical
model for estimating cache wer consumption is based on a cache/groconsumption model
and run time statistics of cache, such as hit/miss rates from a cache simulakgnwéle
investicated the déctiveness of tw architectural techniques, from pi@us work, in reducing the
power consumed in the I-cache. Theseb tiechniques are sub-banking and reducing the
frequenyg of tag compare. Wthen proposed to reduce thevpo dissipated in the I-cache, by
using @ted vordlines to reduce the number of bitline swings per instructiore e/luated tvo
versions which compress instructions using 2 sizes or 3 sizes. Instead of fetching out the 32 bits
fixed-length for all instructions, the 2-size approach usestedgwrdline to read out either a
compressed 23-bit medium instruction or an uncompressed 33-bit long instruction. The 3-size
approach usesated wordline to read out either a compressed 17-bit short instruction, a
compressed 23-bit medium instruction or an uncompressed 34-bit long instruction. Hence, these
two methods allw us to reduce peer dissipated from reading or writing the unnecessary bits of
the instructions that do not require full 32 bits, thereby reducing therpconsumed in the
SRAM array of the I-cache. &\demonstrate our techniques by applying them to the MIPS-II
instruction set. Our dynamic compression for programs in SPECInt95veshad aerage

reduction in bits read of 23.73% in the 2-size approach and 29.10% in the 3-size approach.



An overview of thethesis

Chapter 2 is a xeew of cache structure and operatione @éscribe the implementa-
tion of our cache pmer consumption model. The main egedissipating components in SRAM
are identified.

Chapter 3 réews prezious work on lov power cache. W hae selected tov
techniques, sub-banking and reducing the frequehtag compares because\thmth decrease
the paver consumed in the I-cache by reducing thegyadissipated from the SRAM arrayhus,
these tw techniques can combine with our technique of using #tedgvordline to further
reduce the pwer dissipated from the cell array of the I-cache.

Chapter 4 discusses background and vattn in the study of using an in-cache
instruction compression technique that useted vordlines to reduce the number of bitline
swings.

Chapter 5 ealuates the tev design methods, the 2-size approach and the 3-size
approach, in our technigue of using ttegegl vordlines to reduce the number of bitline swing.

Chapter 6 concludes the thesis.






Chapter 2

Cache Review and Modeling Power Consumption

A cache is a Wiffer between adst processor and slanemory The disparity in speed
growth between processor and memory has led to the processor duefgjdr than the memory
The idea behind caching is to peat the processor fromasting processotycles while vaiting
for information from the memoryHence, by hang recently used data held in a smatjiom of
fast memorythe processor can usually get the information it needs quickly and only infrequently
access slwer main memory

There are seral layers of cache in a modern computeach layer acts as affer for
the net lower level. In this thesis we will concentrate only omdkel cache, since it is the cache
closest to processoin fact, it is usually bilt directly onto the processor die itself and runs at the
same speed as the processor

The level-1 cache can be either a unified cache or a split cache. A unified cache is a
single cache which handles both instructions and data. A split cache separates instructions from
data. In a split cache architecture, the instruction cache is accessgdnstruction while the
data cache is accessed only for loads and stores. As only 25-30% of all instructions in a typical
RISC program are loads and stores, theviagtof D-cache is only 25-30% of the aadty of

I-cache. Therefore, in this thesis will focus on reducinggvaonsumption in the I-cache.



2.1 CacheReview

2.1.1 Review of Cache Organization

Memory transfers the information to the cache in a chunk called a ‘block’. A ‘block’,
therefore, is the minimum unit of information that can be present in the cache (hit in the cache) or
not (miss in the cache) [17]. yfically there is more than oneovd in a cache block. df
example, in a RISC machine with 32-bit instructions, a cache with 32-byte block size has total of
256 bits in a block. Hence, the block has eight 32-bit instructions or eaydsw Each cache
block has a tag and @ahd bit added to the tag. Thalid bit indicates whether the cache block
contains walid information. If the alid bit is not set, the address information in that entry is
invalid and there can not be a match in that address.

Three types of cache gamization are created by restrictions on where a block is
placed [17]. If there is only one place that a block can be placed in the cache, the cache is ‘direct
mapped’. If a block can appeatyarmere in the cache, the cache is ‘fully assoagti If a block
is first mapped onto a group of blocks, called set, and can then be plgaéeEwithin the set,

the cache is ‘set associal.
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Figure 2.1: Laical organization of calee

Cache parameteese as follwing:
S: Cache size in bytes
B: Block size in bytes

A: Associatvity

Nrows (Number of ravs) = —

Ncois (number of columns) = @B



The two main components of cache

1. Data array. When people say ‘1 KB cache’, theefer to the size of the data array
Data array is where the cached information is stored. Therldre cache, the more information
is stored and hence the greater probability that the cache is able to satisfy the request.

2. Tag array. This small area in the cache is used @egktrack of the location in
memory where the entries in the data array come from. The size of taghatrthe size of data

array controls the amount of main memory that can be cached.
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2.1.2 Review of I-Cache Operation
Cache read and cache refill accesses are thentvét common operations performed

on I-caches. Cachevalidate is another operationtidoes not occur frequently

2.1.2.1 Cache Read Access [21]
First, the rev decoder decodes the indkits of the block address from the CPU. It

will select the proper w by driving one vordline in the data array and onendline in the tag
array There are as mgmumber of wrdlines as number of ws in each array and only one
wordline is drven at a time. Each memory cell along the selectwdsassociated with a pair of
bitlines which are initially prechged high. When theavdline goes high, one of thedvbitlines
in each memory cell along the selected rwill be pulled devn. Which one of the ta bitlines
will go low depend on thealue stored in the memory cell.

The wltage swing of the pulled-go bit line is small, normally around 200 m¥his
small diferential wltage deeloped between the bitline pairs will get amplified by the sense
amplifier By detecting which of the twhbitlines goes b, sense amps can determine thkig
stored in the memory cell. It is common to share a sense amp anveng gairs of bitlines,
using a column multipker before the sense amps. The select lines of the column mudtijalies
driven by the column decoder

The comparators compare the information read out from the tag array to the tag bits of
the block address. If a tag match occurs and the corresporadiddpit is set, a cache hit signal is
generated and the output multides are duen. The output multipler selects the appropriate
data from the data arragnd dwes that selected data out of the cache. On the other hand, if a tag
mismatch occurs, a cache miss signal is generated. The cache controller then selects a victim
block to averwrite with the desired data. After that, the cache controller will fetch the missing
block into the victims slot. During cache miss, the CPU has &at wntil the desired block from
memory is brought into the cache.

In a direct-mapped cache there is only one tag pexiaddress; therefore, only one
tag compare is needed. On the other hand, in a fully-asseamtset-associae cache there is
more than one tag per indaddress; therefore, moreomds can be stored under the samexnde
address bt more tag compares are needed.

There are tw possible critical paths in a cache read access. If the time to read the tag



array perform the comparison, anddrithe multipleor select signals is longer than the time to
read the data arrathe tag side is the critical path. \WMeaver, if the time to read the data array is

longer, the data side is the critical path.

2.1.2.2 Cache Refill Access

The I-cache is normally read onlyThere is no write access in the I-cachg b
wheneer there is a read miss, a cache controller will refill the vistighot by fetching the
missing block from main memaryThe cache refill operation writes the memory cell byiigi
complementary eltages on the bitlines. When thendline of the selectedwogoes high, one of
the two bitlines in each memory cell along thatrdiine will be drven to ground while the other

bitline will remain at \hp.

2.1.2.3 Cache lmlidate

Usually I-caches are noeft hardware coherent with updates to main memo8o

when instruction memory is changed the I-cache could contain old instructions. Hence, when the
processor accesses the I-cache, it might get stale instructions resulting in incorrect program
operation.

To prevent this, wheneer instruction memory changes, all entries in the I-cache must
be irnvalidated. This forces the processor to refill cache entries with the updated instructions from
main memory Cache inalidate therefore helps se\the problem from stale data and maintain

correct operation when instruction memory changes.

2.2 Development of Cache Power Consumption Model

The deelopment of our cache per consumption model is based on the instruction
cache of a drrent-0 (TO) ector microprocessoiimplemented in a 1J0m CMOS technologyTO
has a maximum clock frequgnof 45 MHz. Its CPU is a MIPS-Il compatible RISC processor
with a 32-bit intger datapath [3]. TO has a 1KB direct-mapped I-cache with 16-byte blocks.
There are 64 rws (lines), each holding 4 instructions (16-byte). The bitlines of the TO I-cache
design hae a full rail swing compared to theAdgower cache designs where thatage swing on
the pulled-dan bitline is small, around 200 mV Since TO I-cache, which our \wer

consumption model is based on, is a direct-mapped cache, our cagreposumption model is



developed specifically for direct-mapped cache.

2.2.1 Characterization of Emggr Consumption Model

The engygy dissipation in CMOS circuits is dominated by ¢jag and dischaing of
the capacitance during output transitions of theeg Br every low-to-high and high to o

transition, the capacitance on the node, Goes through theoltage change. The eggr
dissipated per transition (a 0->1 or 1->0 transition) is asvistio
ET = 0.5'Q‘AV'VDD

where § : load capacitance

Other than memory bitlines andaleswing logic, most nodes swing from ground to

Vpp, S0 V can be simplified to supplyltage, \bp. Accordingly the eneggy dissipated per

transition can be simplified to:

E. = 05+G *Vp

To accurately estimate the wer dissipation of cache, we \adop a cache peer
consumption model based on the analysis ofgndissipation in an SRAM cell. The major
components in SRAM that dissipate aqefor read/write access are decoding patbrdhiine,

bitline and I/O path [9], which areplained belav.
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2.2.1.1 Decodingdth
The decoder architecture st in Figure 2.3 is based on the decoder of the TO

I-cache. The data array and the tag array share the same detbidér has four stages.

Following the approach in Won and Jouppi [21], we a formulated the engy dissipated in
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decoding path. Each 2-to-4 block in the second stages thio address bits (both true and

compliment) from the decoder ders of the first stage and generates a 1-of-4 code from four

NAND gates. Cache with S cache size, B block size ancaA-associatity, has Iog-B—SA bits

that must be decoded; therefore, the number of 2-to-4 blocks required is:

1 S
Notoa = §|ngﬁ

Note that 3-t0-8 blocks and combination of 2-to-4 blocks with 3-to-8 blocks can also be used for
this second stage. Bafing between the second and the fourth stage arelthef the third stage

inverters. In the fourth stage, these 1-of-4 codes are combined ushiD ates. One AND

gate is needed for each % rows. Since, eachAND gate tales one input from each of the

2-to-4 blocks, it has h,.4 inputs. Finally each M\ND gate in the fourth stage connects to an

inverter which dwes the wrdline driver of each ra.

Stage 1: Decoder Duer

The decoder dver drives inputs of ND gates. As both polarity of the addresses are

available, each dver will drive half of the M\ND gates in each 2-to-4 block. In short, each

decoder duer drives 2 of 4 MAND gates in each 2-to-4 block. Hence, the egjent capacitance

is:
Cstage1: Gy, dec_dner T (NaddF>predec_MND * Cg predec_lAND) +(Le Cwordmetal)
where G gec aver  © the drain capacitance of decodevedri
Ndadesnanp - the number of AND gates that each decodenani drives (2 in our
case)

@, predec_mnD : the @te capacitance of AND gate in 2-to-4 block

Gvordmetal . the capacitance of metal 1 per bit width
L . length in bit width of metal 1, connecting the decoderwiih the
: aBA _ Neols .
2-to-4 block, (Itis one quarter of the sum of the array w%%: or —— in TO cache.)

12



Therefore, the formula can be simplified to

N
- cols
Cstagel - c;:i,dec_dr\'ver +(2 Cg predec_IAND) + ( 4 ° vaordmeta)

Stage 2: AMND Gates

The equyalent capacitance for stage 2 is:

Cstage2 = &, predec_ mnD + Gy, inv + (L * Ghitmetal

where G, predec anp © the drain capacitance oANID gate

G, inv . theage capacitance of theveerter luffering between stage 2 and stage 3
Gitmetal . the capacitance of metal 2 per bit height
L . the length in bit height of metal 2 connectingAh®Nate to the

inverter (In our case, it i% rows or ‘Nygws -)

Hence, the simplified formula is

Cstage2 = &, predec_mnD + Gy, inv + (Nrows * Coitmeta)

Stage 3: Imerter

The equvalent capacitance for stage 3 is:

Cstage3z = G, inv + (Ninv->NanD * Cg,dec_MND)

where G iy . the drain capacitance of thevémter
G.dec mnD : the @te capacitance ofAND gate in stage 4

Nw-snanp - the number of AND gates in stage 4 that theverter connects to. (Itis

S Nrows

TBA or R since we use 2-to-4 block in stage 2. If instead, we use 3-to-8 block, this

NI'OWS

number will be 5 )

Accordingly, the simplified formula is

13



I\II’OWS

Cstagez= G, inv t+ ( 1 Cy,dec_MND)

Stage 4: MAND Gates

The egquralent capacitance of stage 4 is:

Cstage2= Cd,dec_MND + Cy, wordiine_drirer

where (g dec MND . the drain capacitance oAND gate

G, wordiine_drirer © the @ite capacitance of theowdline driver

Enegy dissipated in the decoding path is estimated by vkeage number of bit

switches on the addresgswhich result in the switching of the decoding path capacitance.
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o waordline
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Figure 2.5: VWrdline drive l@ic
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Figure 2.6: SRAM cell
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2.2.1.2 \Wrdline

The wordline drver drives the wrdline for read/write access. The anedissipates

due to the assertion ofondline. Based on [11, 19], eggr dissipation on wrdline can be

expressed as:

Cwordiine = Neois® (2 Cg,\/\/a"' Cwordmetal * Cd,wordline_dri/er

where Gordiine . the ééctive load capacitance ofondline
Gvordmetal . the capacitance of thendline metal wire wer the a&tent of a single
cell width

G, wordline_drirer: the drain capacitance of thewline driver
Gwa . the @e capacitance of access transistoy) (W
The factor of 2 for G g is based on theatt that the wrdline drives the gtes of tvo access

transistors in each SRAM bit cell.

9C =

pa

\Bb
vdg |—_
T

—C =

prechage line

bit bit

Figure2.7: Bitline pecharge circuit

2.2.1.3 Bitline

In preparation for an access, bitlines are pregthand during actual read/write one

side of the bitline pairs are pulledwdo. Enegy is, therefore, dissipated in bitlines due to

prechaging and during the read/write. Based on [11, 19] theviatig equations are degd:

Chit, pr = Nows* (0.5 * Gwat+ Goitmeta) + Cd bitmux

Coit,rw = Nows® (0.5 * Gwa+ Chitmeta) + Cd,pitmux * Ca,wp T Cd,wpa

15



where Gyt pr . the ééctive load capacitance of the bitlines during pregimay

Git,riw . the ééctive load capacitance of the cell read/write
Q@ wx : the drain capacitance of transistgr W
Gitmetal . the capacitance of the bitline metal wierdhe &tent of a single
cell height
G pitmux . the drain capacitance of the column mux

The drain capacitance of access transistay) (Wthe equations is reduced by half because the

drain is shared with another cell in adjacemt.ro

2.2.1.4 Input/ output Lines

Enegy dissipation in the input lines is caused by the transitions on the input lines and
input latches, while engy dissipation in the output lines is caused byidg the signals from

cache to the output lines.

2.2.2 Eneagy Consumption Model in Direct-mapped Cache

Enegy dissipates due to clgang and dischging of capacitance. When the cache is
accessed, the address decoder first decodes the addresslitsdi® find the desiredwo The
transition in address bits causes the gimgrand dischaing of capacitance in decoder path. This
brings about the engy dissipation in decoder path. The transition in fourth stage of the decoder
logic triggers the switching in evdline. Reardless of hav mary address bits change, onlyaw
wordlines among all will be switched. One asserts while the other one disasserts. The switching
of these tw wordline is the source ofavdline enegy dissipation. The alteration inondlines
induces half of the bitlines in the SRAM array to gw,lcausing engly dissipation. After the
cache access, those bitlines that hadipusly gone lav, will be prechaged and will further
dissipate engyy.

With this in mind, the chging and dischaing of capacitance during cache access

can be gpressed as:

Crovwdec_switching = (Naddr_trans' Cstagei A e (Cstagez"' 2 Cstageé + (4 C‘stage)

where Nygr rans the number of transient address bits

16



a . the switchingttor
The factor doubling Gageais derved from the switching of tarrows, one chaying and the other
dischaging. The &ctor of 4 for Gzgescomes from tw reason. The first 2€tor is from the same
reason as that forg{agez The other 2 comes from thact that left and right SRAM arrays in TO
I-cache share the same decoder circuitry; therefore, the capacitance seen in fourth stage is
doubled.

How to find the value of switdng factor is explained in thedllowing:

TO I-cache has 64 w; therefore, six address bits must be decoded. The number of
2-to-4 blocks required to predecode these six address bits is three. If one of six address bits is
transient from 0->1 or 1->0, twof four NAND gates in 2-to-4 block will be switching. Hence,
the switching &ctor is two. If two address bits from the same 2-to-4 block change, the switching
factor is still two. On the other hand, if waddress bits from dérent 2-to-4 block switch, four
NAND gates will be transient; twfrom each 2-to-4 block. The switchiractor will, therefore,
be four For this reason, the maximum switchiragtor in three 2-to-4 block is six. In conclusion,
if the transition in address bits comes from the same 2-to-4 block, the switabiogis avays
two. However, if the transition of address bits comes from Nfedént 2-to-4 blocks, the

switching fctor is 2N.
vaordline_switching =2 c\\7\/ordline

Chitline_switching = (Neois® Goit,rw) + (Neois® Coit, pr)

The total enagy dissipation in direct-mapped cache based on CMOS SRAM will be
given by

1
— 2
Ecache - é * (Crowdec_switching"' c:wordline_switching"' Coitline_switching"' CI/O_path)' \%

Since all nodes in TO I-cache swing fromgg/to ground including bitlines, V can be

simplified to \pp. Enegy dissipation in I-cache, therefore, can be simplified to

1
— 2
Ecache - é ° (Crowdec_switching"' vaordline_switching"' Cbitline_switching"' CI/O_path)' VDD
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2.2.3 Eneayy Dissipation in TO I-cache

Based on the engy consumption model of direct-mapped cache, we ltalculated
the enegy dissipation during cache access in the I-cache of TO which is implementedum 1.0
technology and has the folling properties; 1 KB direct-mapped cache with 16-byte blocks
assuming a supplyoltage of 5 wlts and full rail wltage swing on the bitlines. Mertheless, in
our calculation we did not ka the information about I/O path of TO I-cache; therefore, we ha
included the switching engy dissipated only from decoder pathordlines and bitlines. The
total switching engy dissipated from TO I-cache is 2.92 nanojoule® H&/e found that engy
dissipated from bitlines dominate other sources ofggnelOf all three sources, bitlines account
for 94% of the total switching ergyr, wordlines and decoder circuit account for 2% and 4%
respectrely as shan in Figure 2.8.

In the study by Ghose and Kamble [8], thesed the capacitances for the (r@
CMOS cache, assumed a suppiftage of 5 wvlts and limited the ®tage swing on the bitlines to
500 mV Their xperimental results veal that around 75% of emggrdissipated from the 32KB
direct-mapped I-cache with 16-byte blocks is from bitlines. Compared to our iftwedyuse the
500 mV wltage swing on the bitlines, as in Ghose and Kamble, theg\ekssipated in the

1

bitlines will be reduced by thedtor oflo.

Therefore, 61% of engy dissipated in 1KB direct-

18



mapped I-cache with 16-byte blocks and implemented iprh.@echnology will be from bitlines.
The diference in the percentage ofwer dissipated in the bitlines between our study and their
study might hae come from thedct that the design implementation, cache size, the CMOS
technology used in the implementation aréedént in the tw studies.

As enegy dissipated from bitlines dominates the total gpelissipation in cache,wo
power techniques should focus on reducing thegndissipated in the SRAM array where the

bitlines are located.
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Chapter 3

Previous Work on Low Power Cache Design

Many studies hee been performed on reducing thempo consumption of cache.
Previous lov-power cache literature suggestyveral techniques to acle lov power such as
sub-banking [19][11][18], block uffering [19][11][13][16], gray code addressing [19] and
reducing the frequegoof tag compares [16][18]. In this thesis, weédnaelected to study twof
these techniques; sub-banking and reducing the freguénag compares. This is because these
two techniques and oumnm technique of usingaged vwordline, which we will discuss in detail in
Chapter 4 and 5, use the same sipate laver the paver consumption in the I-cache; that is by
reducing the engy dissipated in the SRAM arrayOur technique of usingated vordline
reduces bitline swings in the data arragub-banking partitions data array and tag array into
smaller banks and only accesses the sub-bank where the data is needed. Reducing &fequenc
tag compares eliminates thewsr dissipated in the tag array when tag comparison is not
necessary

In this chapter and Chapters 4 and 5 we will discuss these three design techniques to
achieve low power by reducing the peer dissipation in SRAM array of the I-cache. In this
chapter we will present oukgerimental study on sub-banking and reducing the frequainiag
compares while in Chapter 4 and 5 we will describe our technique on et \wrdlines to

reduce the number of bitline swings.
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Experimental edniques

The technigues we ti@ chosen to study in this thesis are sub-banking and reducing
the frequeng of tag compares. ¥Wid not study blockudfering and gray code addressing due to
the following reason. Blockuffer is in fact another Mel of cache which is closer to processor
than level-1 cache. The concept of bloclkffering is to access a smallfter where frequently
required instructions reside and to access the I-cache only when there is a block missfierthe b
Since smaller cache dissipates lessgipcache with block tffer can see paver by optimizing
capacitance of each cache access [19].weder, as cache is partitioned intoveeal small
sub-banks, hang yet another smaller cacheaufter) does not help impve the paver reduction
by much. As we will partition a cache intoreeal small sub-banks in our study and only access
needed instructions, blockifbering is therefore not applicable. As for Gray code addressing, a
Gray code sequence is a conse®uset of numbers kieng only one bit difierent. Gray code
addressing is more optimal as it can minimize bit switching of the addrsss Wwhen accessing
sequential memory data. Hence, Su and Despain [19] suggested replact@mplement
representation with gray code one [19]. widwger, in our study we did not consider changing the
2’'s complement representation to the Gray code addressing because dhedesgrated from
the addressus is only a small part of theverall switching engy, as concluded by Ghose and
Kamble [8]. Therefore, we continue withrsZomplement representation for our study

Now, we will cover sub-banking and reducing the frequeattag compares, the tw

techniques we va selected to study

3.1 Sub-banking
3.1.1 Experimental Study

The idea of sub-banking is to partition the cache data array into multiple banks. Each
bank can be accessed \{ed) indvidually. Only the sub-bank where the required data is
located consumes per in the access. Sub-bankingespover by accessing a smaller array
The amount of pwer saing depends on the number of sub-banks. The more the sub-banks used
the more the poer saed. The main dia back is that each sub-bank musténds avn decoding
logic thereby increasing theverhead area for the decoding circuitrin addition, more sense

amplifiers are needed after sub-banking becauserfaumber of bitline pairs share the same

22



sense amplifiers. In otheionds, the dgree of multiplging by the column multipbeor, that is the
number of bitlines that share a common sense amplifier [21], is smadléct, in our study of
sub-banking which we will describe later in this section, sense amplifier is needed for each pair of
bitlines. As a result there is no need for a column mukiplbefore the sense amp.

The logic for sub-bank selection is usually simple and can be easily hidden in the
cache address decoder [19]. Blocksef bits of block address from CPU are used to select the
sub-bank where the requested data is located. Address decoders in each sub-bank, thexefore, ha
extra inputs takn from block det bits to control the peer up of each bank. Thisay the
address decoder will enable only the desired sub-bank beforettene is asserted [11]. Since
block of'set bits are\ailable &en before the read or write access is performeg,dae be used
in the address decoder without causing delay to the decoder circuit.

In this thesis, we h& expanded the study of sub-banking further general, there are
mary instructions in a cache line. In aveicache design, the whole cache line is read out. Then,
the column multipleor selects the needed instruction. As a result, a lot ofgmemasted in
reading out thex@¢raneous instructions in the cache line. Here, we present the technique to read
out only the instruction demanded for the instruction fetch by using sub-banking [2].

Each sub-bank in our technique has onlg tmstructions in its cache line; one each on
the left and the right side sharing the decoder circuit at the ceftterinstruction on either side
of sub-bank can be accessed separaiBterefore, in each instruction fetch, only one side of one
sub-bank is pwered on and only the instruction requested for the instruction fetch is read out.
Thus, besides sang pawver from sub-banking, we also veapaver from not reading the
undesirable data in the sub-bank. By reading out only the requested instruction, a logyf ener
can be s&d. The bigger the cache block size (more instructiamglsvn a cache line), the more
the sub-banks in a cache and hence the more ther paved by this technique.

Aside from sub-banking the data arrdlge tag array can also be sub-kethiby
splitting it with horizontal cutlines (causing shorter bitlines). Each sub-bank of the tag array will
have two tags in each w; one each on the left and the right side sharing the decoder circuit at the
center As a result, in each tag check, only one side of one sub-bankesgabon and only the
tag of the required address is chettk Sub-banking hence helpsesaaver dissipated in the tag
array from long bitlines. In addition, the access time also speeds up, since shorter bitknes ha

smaller load capacitance and theredstér time to chge and dischge their load capacitance.
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3.1.2 Experimental Results

To evaluate the sub-banking approach, weesticated three options of cache
organizations. The peer model used in this westication is based on the eggrconsumption
model deeloped from TO I-cache.

Option I This is a cowentional cache ganization and TO is also based on this
organization. In this option, the whole cache line, which usually has multiple instructions, is read
out from the data arrayOnly the one instruction needed for the instruction fetch is selected by the
offset bits. &g compare is done fovery instruction fetch.

Option 2: In this option, data array is partitioned intoves@al sub-banks. Each
sub-bank has only twinstructions in its cache line, one each on the left and the right side sharing
the decoder circuit at the centdfach sub-bank is p@red up indiidually and the instruction in
either side of sub-bank can be accessed separaiélg instruction needed for the instruction
fetch is the only instruction read out from the data array

Tag array is also sub-bagdk by splitting in half with a horizontal cutline. This results
in two sub-banks with shorter bitlines. Each sub-bank hasags on each wg one each on the
left and the right side sharing the decoding circuit at the ce@ely one side of one sub-bank is
powered on at a time.

Tag compare is still done fovery instruction fetch as in option 1.

Option 3: The cache @anization in here is identical to that in option @t there is no

tag compare in this option.

Based on the cache eggrconsumption model in Chapter 2, we compared the
switching enggy dissipation of arious cache sizes and block sizes in each option asmsho
Figure 3.1, 3.2 and 3.3.

24



Option 1
100 T T

90 N

60~

50

40

Energy dissipation (nanojoules)

30

20

ol
64 128 256 512 1K 2K 4K 8K 16K 32K
cache size (byte)

Figure 3.1: Enegy dissipation in option 1 whethe whole cde line is ead out fom the data

array
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Option 2
10 T T

sl bl=4B bl=8B bl=16B bl=32B.. .. pl=64B

Energy dissipation (nanojoules)

0 1 1 1 1 1 1 1 1

64 128 256 512 1K 2K 4K 8K 16K 32K
cache size (byte)

Figure 3.2: Enegy dissipation in option 2 wheisub-banking is used and only one instruction is

read out fom the data awy
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Option 3
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Figure 3.3: Enegy dissipation in option 3 whercade oganization is identical to option 2ib

there is no tg compae
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Figure 3.4: Enegy saved when using sub-banking (comparing option 2 with option 1)
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Figure 3.5: Enegy saved when theiis no tg compae as compard to when theris (comparing

option 3 with option 2)

When comparing option 2 with option 1, we can see that sub-bankieg szore
enegy when the cache line size isdar For 1KB direct-mapped cache with block size 4-byte, 8-
byte, 16-byte, 32-byte and 64-byte, ayesaring from sub-banking is 18.72%, 47.83%, 69.19%,
82.47% and 90.33% respedly as shwn in Figure 3.4. In Su and Despain study [19], the
enegy saing of cache sub-banking is 89.45% in 32KB cache with @afdviblock size (64-byte
block) compared to 92.05% in our study

Enegy dissipation in option 3 is ddrent from that in option 2 because there is no
enegy dissipation from tag arrayAround 1.8 nanojoules is\ad when there is no tag compare.

This results in 23-37% sing of enegy in cache sub-bank when tag compare is unnecessary
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3.2 Reducing the Frequency of Tag Compares
3.2.1 Experimental Study

Usually the address tag on each cache line is eldeok &ery access to see if it
matches the tag field in block address from CPU. As the size of the sub-bank of the data array is
smaller the enggy dissipated by the tag array due to tag compare accounts fgea part of
power consumed in I-cache. Therefore, reducing the frequafiniag compares can contuiie to
considerable pger saing.

Unless there is a branch &kor jump instruction, instruction fetch usually happens
sequentially A cache line with block size lger than 4 bytes can hold multiple instructions
which share the same tag address. In the sequentalffihe next instruction and the current
instruction are knan to be in the same cache line (Intrablock Sequentia)Ftag comparison
is not required since both instructionss@dhe same tag address. On the other hand, if ttie ne
instruction and the current instruction are irfediént cache lines (Interblock Sequentialvilo
tag comparison is needed asytheve different tag addresses.

Taken branches and jumps cause non-sequental flothe TO ISA which is based on
the MIPS-II ISA, all jump and branch instructions occur with one instruction delay due to a delay
slot [12]. This means that the instruction immediately falhg the jump or branch instruction is
always eecuted while the tget instruction is being fetched. Thus, if they&drof a takn branch
or a jump resides in a cache linefeliént from the instruction in the delay slot, interblock
non-sequential flw occurs and a tag compare is needed.

Consequentlythe comparison between the tag from the tag array and the tag bits of
the address does not need to be done for all instruction fetches. It is required only when there is
interblock sequential fl@ (taken branches or jumps to awecache block) or interblock
non-sequential flw [16]. Nevertheless, it is too late by the time the result of the condition branch
is available to do tag compare because in the pipeline architecture, the result of conditional
branch, whether ta or untakn, is not knen until the decode stage. Therefore, there must be a
way to both detect during instruction fetch whether the conditional branclersaakl to monitor
whether the tadn branch is still in the same cache line as the delay sloivaPand Rennels [16]
proposed a technique sl these tw problems by branch tagging the unused space in the
opcode as a compiler hint that the branculd transfer the control to an instruction outside the

cache block. Haever, in our technique of usingated vordline to reduce the number of bitline
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swings, as discussed in Chapter 4 and 5, we compress and re-encode instructions using those
unused spaces in the opcode table; therefore, there is no spare space in the opcode to do branch
tagging. As a consequence, we use the simpler scheme here instead.

In our studywe will not wait for the result of conditional branch, whethermtalkr not
taken. Neither will we attempt to detect whether themabranch or jump transfers the control to
a nav cache block. & will use a simple technique by doing tag comparev@mnyeconditional
branch and jump as well as interblock sequential. flelere we trade simplicity for performing

more tag compares in both takbranch/jump to the same cache line and entékanch.

3.2.1.1 Branch and Jump

Non-sequential instruction fetch is due to the fwlfgy branch and jump instructions:

BEQ, BNE, BLEZ, BGTZ, BIZ, BGEZ, BITZAL, BGEZAL, BEQL, BNEL, BLEZL,
BGTZL, BLTZL, BGEZL, BLTZALL, BGEZALL, J, AL, JR, ALR, SYSCALL, BREAK, RFE

The abee instructions, which cause interblock non-sequential, flchange the
control flov of the program. All instructions occur with one instruction delay due to a delay slot,
except SYSCALL, BREAK and RFE which transfer controlflonmediately The frequeng of

tag compares by control floinstructions is gien by f, where f is the frequenc of these

instructions which is hedy dependent on the architecture, the compiler and the application [16].

3.2.1.2 Interblock Sequential o

An interblock sequential fl@ can be easily detected by looking at bits of the program
counter (PC). Let a cache blocksize Beahd the PC bits be 31, 30,..,1,0 with O being the least

significant bit. The interblock sequentiaMi@an be found by probing from bit position kel

the right for k-2 bits and checking whether those bits are all If'they are, the net instruction
fetch will be an interblock sequential\itayiven that there is no branch pending. This method of
detecting the interblock sequentialvilas, therefore, not only simpleubwill also detect the
interblock sequential flw one gcle in adance of when it tads efect.

For example, lets look at a cache with 16-byte blocks. In this case, the cache block

size is 2; therefore, k is equal to 4. By looking from bit positiotk&) for 2 bits (k-2), which

means looking at bit 3 and bit 2, we can easdggktrack of the interblock sequentialflorhe
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interblock sequential fil® will be the net instruction fetch after which bit3 and bit2 are both 1’

PC = 00:

04:

08 :
0C:

10:
14:
18:

1C:

20:

000mOo0

0000100

000Q000

0000100 <--- detect 11

000D0O00 <--- Interblock Sequential (tag compare)
0000100

0001000

0001111 <--- detect 11

0010000 <--- Interblock Sequential (tag compare)

It can be shan that the frequerycf;s of tag compare due to interblock sequential/flo

depends on the size of the cache block. Kpeession is as folles:

1-f —f.

_ J
is ~ SB

where § : the frequencof interblock sequential flo

j : the frequencof the branch and jump instructions

% : the number of instructions in a single block

fe : the frequeng of exceptions

Note: Exception is anvent that happens during theeeution of a program and as a result

disrupts the normal fl@ of instructions. Thewents that causexeeption are as folles [17]

I/O device request

Invoking an operating system service from a user program
Tracing instructionecution

Breakpoint (programmeequested interrupt)

Integer arithmetic werflonv or underflov

FP arithmetic anomaly

Page awlt

Misaligned memory access

Memory-protection violation

Using an undefined instruction
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* Hardware malfunctions

* Pawer failure

Hardware werhead for the conditional tag compare in interblock sequentrakctise
is quite small. A signal can be generated in eadtedndicating whether the tag compare is

needed. When tag compare is not needed, the tag array can remain irgprgdjar

3.2.1.3 Frequencof Tag Compares

The frequeng of tag compare, therefore, is as folk

ftag_compare: fj + 1s

3.2.2 Experimental Methods

3.2.2.1 Ewluation Erironment

The benchmark programs used in this study are as listeable 8.1. The are
selected from the SPECInt95 benchmark suite. Application for these benchmark programs
include m88ksim (Motorola 88K Chip simulator), li (lisp interpreter) andgijpgompression
algorithm for images). The benchmark programs are compiled with GCC 2.7.0 using -O3
optimization for the MIPS-II ISA.

Benchmark Description Input |.nStl‘l.JC?tI0nS
in millions
m88ksim | Motorola 88K chip simulator: run test program test 518
li LISP interpreter bger 165
derv 544
ddew 593
ijpeg Graphic compression and decompression ref 1039

Table 3.1: Benomark ppograms
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3.2.2.2 Experimental Results

This section presents our study on reducing the frequafitag compare.

A C-program is written to record the statistics of branch and jump instructions as well as
interblock sequential fl@ in benchmark programs.adf compare statistics can be obtained readily

from the summation of their statistics.able 3.2 shas the frequenc of branch and jump

instructions in benchmark program.

Application Input % of branch and jump instructions) (f
m88ksim test 21.42
li boyer 21.85
derv 20.66
dderv 20.74
ijpeg ref 7.28

Table 3.2: Statistics of andh and jump instructions in belimark pograms
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Figure 3.6 shws the percentage of tag compare in each benchmark program and also
the breakdwn of tag compare statistics into branch and jump instructions as well as interblock
sequential fle. We can see that as the number of block size increases, which means more
instructions in a cache line, the frequgmaf tag compare from interblock sequentialwflo
decreases. In contrast, the frequeoictag compare from branch and jump instructionsvisygs
the same independent of block sizeegi the same program. As block sizgies from 4-byte to
256-byte, the frequemcof interblock sequential o () drops dramatically from 77.24% to
1.09% in m88ksim, from 92.59% to 1.29% in gpdrom 77.97% to 0.53% in li lyer, from
79.07% to 0.67% in li deriand from 78.99% to 0.66% in li dderiln Pering et. al. [18], 61% of
tag checks is puented in I-cache using 8end cache line size (32-byte block). Compared to the
results of our simulation, 69.58%, 81.86%, 68.12%, 69.26% and 69.18% of tag checks are
avoided in m88ksim, ijpg, li boyer, li deriv and li ddew respectiely, as shan in Figure 3.7.
Hence, the erage of 71.6% of tag checks areverged across the benchmarks. Théedhce
in our result and their result arise because we used benchmark progfanesitdifom theirs and

because the technique is applied téedént ISAs, MIPS-II in our case and ARMS in theirs.
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Chapter 4

Background and Related Work on Using Gated

Wordlines to Reduce the Number of Bitline Swings

In Chapter 2, we sa that the engy dissipated by bitlines in the SRAM array
dominates the other sources of gyen the I-cache. Therefore, in this part of the thesis we will
focus on deeloping design techniques tanler the paver consumed in the I-cache, by reducing
the enegy dissipated from the SRAM array where bitlines are located.

Our concept is based on tlaet that seeral instructions in the RISC instruction set do
not require a full 32 bits to represent.vitwer, the 32-bit fixed-length format is used fovery
instruction to simplify fetch and decode. This results not onlyasted memory spacejtalso
in powver wasted from reading out the unnecessary bits in the SRAM array of the I-cache. If the
size of the instructions is reduced, the amount efgoadissipated from the cell array when
reading or writing the instructions will be decreased, therelgriog the pawer consumed in the
I-cache.

We propose tw versions of the design technique that ussed)vordlines to reduce
the number of bitline swings which therefore decrease the number of bits read out for compressed
instructions. The firstarsion uses instructions of awsizes, medium or long, while the second
version uses instructions of three sizes, short, medium or long. Instead of reading out the 32 bits

fixed-length for all instructions, the 2-size approach usestedgwrdline to read out either a
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compressed medium-size instruction or an uncompressed long size instruction. Sithdarly
3-size approach uses atgd wordline to read out either a compressed short-size instruction, a
compressed medium-size instruction or an uncompressed long-size instruction. This technique of
using @ted wordlines, therefore, eers the pwer consumed in SRAM array of the I-cache by
reducing the pwer dissipated from reading or writing unnecessary bits of instructions that do not

require a full 32 bits, without gross in performance.

4.1 Overview of Gated Wordline Technique to Reduce the Number of Bitline
Swings

In this proposed technique, we select the instructions in the MIPS-1I ISA, on which TO
is based, that do not require the full 32 bits to represent, then reduce the size of these instructions.
We investigate two versions for reducing the instruction size of MIPS ISA. In the first technique,
instead of using a fed-length for all instructions, instructions of one obtgizes, medium or
long, can be used. If the instruction can be compressed into the medium format, a medium size is
used; else, a long size is used. In the second technique we go further by using férerd dif

instruction sizes; short, medium and long.

rd, imm, taget m

decompression _d
T block — el CPU
. . P c
main | compression | | cache '\ rd, sa, func, imm, 8
block taget o
memory >
— op,rs, 1t PN

Figure 4.1: CPU layout with comession and decomgssion bloks

The compression block is located between the memory and the I-cachavasirsho
Figure 4.1. During the I-cache refill, the 32-bit instructions from memory are passed into the
compression block and if possible compressed befoyeateewritten into the I-cache. On the
other hand, if the instructions can not be compresseyl attgestored full-length in the I-cache.

An extra bit(s) must also be stored in the I-cache along with the instruction in order to
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differentiate among the sizes of instructions that are stored. It should be noted here that all
instructions, whether compressed or uncompressed, stllttek same space in cach# the
bitline swings are reduced in the compressed instructions.

In each RISC instruction, there are critical and non-critical sections. The critical
sections are an opcode field (op), a sourgester (rs) and a tget reyister (rt). The non-critical
sections depend on the type of instructioner the R-type instructions, the non-critical sections
are a destination gester (rd), shift amount (sa) and a function specifier (funcox. tie I-type
instruction, the non-critical section is an immediate field (imm)r the J-type instruction, the
non-critical section is a tget field (taget). The critical sections determine theaution time;
the opcode needs to be decoded to find the operation of the instruction, sourcgeamdisters
must access the gister file to supply theiralues for the computation. The time to fetch and
decode the critical section hence can not be delayed, elsgcteeime will be longer On the
other hand, the non-critical sections do né¢cfthe gcle time. Immediate and &t must be
signed or zerox@ended bt the time to do thexéension is a lotdster than the time to access the
register file; therefore, tlyeare non-critical. And since destinatiogister and function specifier
are not needed until at the end of the decode stage anxkethdien stage respeatly, they are
also non-critical.

During the cache read access, thtgaebit(s) controls the number of instruction bits
fetched out from the SRAM array bwting the verdline. When the compressed instruction is
read out from the SRAM arrayts critical-sections proceed directly to the instruction decoder
while its non-critical sections are decompressed before being decodedkeanuted in the
pipeline. In contrast, when the uncompressed instruction is read out, both its critical and
non-critical sections can go immediately to the instruction decoder

As a result, fever bits will be written to the I-cache and no unnecessary bits will be
read out in our proposed technique. The gnéissipated from the bitlines of the SRAM array
will be reduced during cache read or cache refill of the compressed instructions vev] anemur
technique, the critical sections, whether are in the compressed or uncompressed instructions,
proceed straight to the instruction decoder; therefore, there istraodelay added to the/de
time. Since we alays fetch the critical sectiongny fast rgardless of whether the instruction is

compressed or uncompressed, our technique shouldfect thie &ecution speed.
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4.2 Background of Using Gated Wordline Technique

Since there are multiple sizes of instructions stored in the I-cache, there musaye a w
to indicate the bit-size of the instruction to be fetchede stM\e this problem by héng extra
bit(s) to select among multiple sizes katigg the wordline. In the 2-size method, axtm bit is
required to choose between medium and long formag. c&ll this &tra bit a medium/long bit
(M/L bit). Similarly, in the 3-size method, a short/medium bit (S/M bit) is used for instructions
that can fit into short-size, and a short/medium bit (S/M bit) and a medium/long bit (M/L bit) are
both used when the instructions are either medium-size or long-size.

The \alues of thesexéra bits are assigned during the compression. Thexselsts are
stored along with the compressed/uncompressed instructions in the I-cache and therefore counted
as part of the instruction size. During cache read accessltleswf thesex¢ra bits will be used
to cate the wrdline in order to select theggaents of stored data that should be read out. In other
words, thesexra bits control the size of the instruction read out from I-cache.

The format layout of 2-size and 3-size instructions are asrshoFigure 4.2 and 4.3

respectrely.
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- medium segment ——p» - long segment g
M/L

M/L

Figure 4.2: rmat layout of 2-size instructions

-4—— short segment —9 ~<¢—medium —p - long segment

SIM segment
SIM MIL

SIM M/L

Figure 4.3: rmat layout of 3-size instructions

4.2.1 The 2-size Approach

In the two-size approach, a medium-size instruction is composed of a medium
sggment and an M/L bit. A long-size instruction is composed of all the components of a medium-
size instruction with a long geent in addition. A long genent therefore contains bits in the
long-size instruction that can not fit into the mediugmnsent.

There are tw kinds of wordlines in this approach; a mainokdline and a local

wordline. The I-cache data array contains asymmaain wordlines as there arews in the array
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but only one main wrdline is drven at a time. Each mairowdline connects to the memory cells
storing bits in a medium gment and an M/L bit. Eary main vordline is also associated with a

local wordline. Each local erdline connects to the memory cells storing bits in a loggset.

main wordline

local wordline

| —D1. f
=1 | el Il Iaa ] 8

read

hit bit

-« medium sgments <& \y/L pit ™
-<-— long sgment - -

Figure 4.4: Circuit to contol the size of the instruction being ‘written into’ oead out fom’
SRAM aray in the 2-size method

4.2.1.1 The I-cache Refill

During I-cache refill, each 32-bit instruction fetched from memory is passed into a
compression block. By first checking the opcode of the incoming instruction, the detection circuit
in the compression block determines whether the instruction can be compressed. If the opcode
indicates an incompressible instruction, the whole 32-bit instruction will be stored in the I-cache
along with a set M/L bit. When the detection circuit encounters a compressible opcode, the
instruction will be compressed using the compression technique we will discuss in 5.1.1.1. The
compressed instruction is then stored in the I-cache along with a reset M/L bit.

During the compression process, as soon asalue vf the M/L bit is determined, it
will be used to control the circuitry of the ‘write’ signal which is responsible for storing of the
long sgment. If the M/L bit is assigned a reseiue, which means that the instruction is a
medium size, the ‘write’ signal is disabled since there is no need to write the ¢gpngrge On
the other hand, if the M/L bit is assigned a s#ti®, which means that the instruction is a long
size, the ‘write’ signal will be enabled and data will be written into the loggnset. Figure 4.4
shavs the circuit which uses the ‘write’ signal to control the number of bits stored for each

instruction. This control process of the write circuitry happens prior to storing of the bits in the
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medium sgment and the M/L bit into the I-cache. Therefore, the ‘write signal’ has already been
set up by the time the mairnowdline is drven. When the main evdline goes high, the M/L bit

and the medium genent of the desired instruction are written with the data to be stored. At the
same time, the ‘write signal’ will determine whether additional data will be written into the long
sggment.

Instead of a separate ‘write’ signal, the storalli® of the M/L bit could be used to
control storing of the long genent. Havever, this is \ery slav because the M/L bit must be
stored in the I-cache first before italwve can enable writing of the longgseent. As, this will
introduce too much delay in storing the longreent, haing extra write circuitry for the ‘write’

signal is a better solution to control the write of the lorggremt.

4.2.1.2 The I-cache Read Access

The walue of a medium-long bit (M/L bit), which has been stored along with the
compressed/uncompressed data during I-cache refill, indicates the size of an instruction to be read
out during the cache read access. The instruction is medium size when an M/L bit is reset, while
the instruction is long size when an M/L bit is set.

During the cache read access, the ‘read’ signal is enabled and the address decoder of
the data array selects the appropriate t@ read by dkiing a main wrdline as well. When the
main wordline goes high, the mediumgseent of the desired instruction is reted. The alue
of the corresponding M/L bit then decides whether the additional data in the ¢pngraas also
needed.

A local wordline, which connects to the longgseent, will be enabled only when the
main wordline is drven and the alue of the corresponding M/L bit is set. This implies the
long-size instruction format; therefore, the remaining bits in the logineet are read out. On
the other hand, if the mainondline is drven hut the M/L bit is reset, the localosdline will be
disabled. Since this suggests the medium-size instruction format, no more detdlaislea
beyond what had been retvied from the medium-size g@ent. The circuit which uses the M/L

bit to control the size of the instruction fetching out isval@ Figure 4.4.
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4.2.2 The 3-size Approach

In the 3-size approach, the short-size instruction is composed of a ghroengeand
an S/M bit. The medium-size instruction reakup of all the components in the short-size
instruction with an addition of a mediumgseent and an M/L bit. The long-size instruction

comprises of all the components in the medium-size instruction with a Igngesein addition.
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In the same manner as the 2-size approach, the noadtine connects to the memory
cells storing the short gment of the instruction and an S/M bit. dfy main vordline is
associated with tevlocal wordlines. One local ardline connects to the memory cells storing an
M/L bit and the rest of the bits that can not fit into the short size in the medium size (a medium
seggment). The other localavdline connects to the memory cells storing the rest of the bits in the

long size instruction that can not fit into the short size and the medium size (agorenge

4.2.2.1 The I-cache Refill

Each 32-bit instruction brought from memory is passed into a compression block
during I-cache refill. By first checking the opcode of the incoming instruction, the detection
circuit in the compression block resess whether the instruction can be compressed. If the
instruction is incompressible, the whole 32-bit instruction will be stored in the I-cache along with
a set S/M bit and a set M/L bit. When the detection circuit comes across a compressible opcode,
the instruction will be compressed to either a short size or a medium size, using the compression
technique we will be discussed in 5.1.2.1. If the instruction is compressed into a short-size, the
compressed instruction will then be stored in the I-cache along with a reset S/M bit and a reset
M/L bit. On the other hand, if the instruction is compressed into a medium-size, the compressed
instruction will be stored in the I-cache along with a set S/M bit and a reset M/L bit.

There are tw ways to implement the circuit which uses both S/M bit and M/L bit to
control the size of the instruction to be written. The firay wequires tw different levels of
metal for implementation, as sho in Figure 4.5. Metal 1 is used for the maiordline and the
two local wordlines. Havever, metal 2 is needed for the part of maiordline which crossesver
to connect to the localavdline drver of the long sgment. In this scheme, read/write operation
of both medium and long gments are in parallel. The secondywequires only one Vel of
metal for implementation, as illustrated in Figure 4.6. But read/write operation of the long
sgment is in series with the mediungegent. Therefore, this method iswstr than the first one.

As soon as thealue of the S/M and M/L bits are determined in the compression
process, the are used diérently depending on the circuit style, to control the circuitry of the
‘write_m’ and ‘write_I’ signals. The ‘write_m’ signal is responsible for storing of the medium
segment while the ‘write_I" signal is responsible for storing of the lorggr@nt. This control

procedure of the tavwrite circuitry happen prior to storing of bits in the shognsent and the
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S/M bit into the I-cache.

In the first circuit style, the M/L bit mustvehys be updated invery cache refill
because it directly controls storing of the longmeent. Therefore, the ‘write_m’ signal must
always be enabled invery cache refill so that the correalwe of the M/L bit will alvays be
written. The S/M bit can not be used to control the ‘write_m’ bit due to the problem caused by the
parallel operations between the medium and loggsats in this circuit style.

If the S/M bit is used instead to deithe ‘write_m’ signal, whewer the instruction is
compressed into short-size, the ‘write_m’ signal will be disabled and the edgetof the M/L
bit can not be stored. As a result, if thewasly stored &lue of the M/L bit is set, during read
access the long gment will be incorrectly read out and result xcess engyy dissipation.
Hence, the S/M bit can not be used to control the ‘write_m’ signal, and the ‘write_m’ signal must
be drven in eery cache refill.

Although the ‘write_m’ signal dvies the local wrdline which connects to the medium
segment and the M/L bit invery cache refill, only the M/L bit is writtervery time lut not the
medium sgment. The medium gment is written only when the S/M bit is assigned a alkeiev
(medium-size or long-size instruction). Otherwise, all the bitlines in the medgnmreséremain
driven high so as not to change the SRAM state.

The ‘write_I' signal on the contrary is controlled by the S/M and the M/L bit. The
only time that the ‘write_|’ signal is enabled is when both S/M and M/L bits are assigned set
values, which indicate a long-size instruction. In this case, the ‘write |’ signaléndis data

needs to be stored in a longyseent. In other cases, the ‘write_|’ remains disabled.

In the second circuit style, the ‘write_m’ signal is controlled by the S/M bit. If the
S/M bit is assigned a resedlue during compression time, which means that the instruction is a
short size, the ‘write_m’ signal is disabled since there is no need to write the medmente
On the other hand, if the S/M bit is assigned a akefey which means that the instruction is either
a medium or a long size, the ‘write_m’ signal is enabled as the data will be written to the medium
sggment.

Wheneer the S/M bit is reset and hence disables the ‘write_m’ signal, the M/L bit can
not be stored. Hwever, this is not a problem in this circuit style because the logmest is in

series with the medium gment. During the read access with reset S/M bit, the looalliwe
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which connects to the mediumgseent and the M/L bit will not be den; therefore, the local
wordline of the long ggment can not be dren as well. On the other hand, when the S/M bit is
set, the M/L bit can be stored normally

The ‘write_I" signal is only enabled when the M/L bit is assigned aaeteywhich
means long instruction, since the data will be stored in a lagrgesg. Otherwise, the ‘write_[’

signal is disabled.

4.2.2.2 The |I-cache Read Access

Similar to the 2-size approach, this method uses a short-medium bit (S/M bit) and a
medium-long bit (M/L bit) to designate the size of the instructions to bevedrieT he instruction
is a short size, when an S/M bit is reset. When an S/M bit is set and an M/L bit is reset, the
instruction size is medium, and when both an S/M bit and an M/L bit are set, the instruction size is
long.

During the cache read access, the ‘read’ signal is enabled and the address decoder of
the data array selects the appropriate by driving a main wrdline. The data stored in the
memory cells along the mainondline, which composed of bits in a shorgsent, will be read
out. If the corresponding S/M bit is reset, only bits from a shgrheat are retrieed. If the S/IM
bit is set It the M/L bit is reset, one localondline will be enabled. This localordline drves
the memory cells which store a mediurgrsent. If the S/M bit and the M/L bit are both se tw
local wordlines will be enabled. One locabwdline is the same avdline that dires the memory
cell storing the medium geent. The other localavdline drves the memory cells storing the
long s@ment.

As mentioned preously, there are tw ways to implement the circuit which uses both
S/M bit and M/L bit to control the size of the instruction being fetched out, amshdigure 4.5
and 4.6. In the first ay, the signal in the local evdline of the long sgment is &st since it is in
parallel with the medium genent, It two levels of metal are needed. The secory vequires
only one leel of metal for implementation; a@ver, the signal in the local evdline of the long
seggment is slwer than the first one since it is in series with the medigmeat.

As we are concerned with the speed of the read/write operation we will use the first
technique, which uses ondifferent levels of metal for the local evdlines, to implement the

circuit to control the size of the instruction.
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Before discussing in detail aboutvh@ve compress the instruction size in Chapter 5,
we will review the MIPS RISC instruction set and at the same tiramene the straty on
compressing the instruction size. Then, we will discuss theopiestudies on code compression

methods, on which our technique is based.

4.3 Review of MIPS Instruction Set

4.3.1 Type of Instructions

The MIPS-II instruction set is dided into the follaing types [12].

- Computationainstructions perform arithmetic, logical, shift operations alues in
register

- Load/stoe instructions mee data between memory angjisters.

- Jump and band instructions change the controMl®f the program.

- Coprocessor (nstructions perform operations on CPQisters. The handle
memory management angoeption handling.

- Specialinstructions mwe data between special and genergikters, perform system

calls and breakpoints.
4.3.2 Instruction Formats

There are three instruction formats in MIPS-Il ISA, R-typegiéter), I-type
(immediate) and J-type (jump) as shmoin Figure 4.7.
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op rs rt rd sa funct R - Type (Register)
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31 26 25 21 20 1615 0
op rs rd immediate | - Type (Immediate)
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6 5 5 16
31 26 25 0
op target J - Type (Jump)
- > < >
6 26

Figure 4.7: MIPS RISC instruction formats

Subfield Definition
op 6-bit major operation code
rs 5-bit source rgister specifier
rt 5-bit taiget (source/destination)gister or branch condition
immediate 16-bit immediate, branch displacement or address displacement
target 26-bit jump taget address
rd 5-bit destination rgister specifier
sa 5-bit shift amount
funct 6-bit function field

Table 4.1: Subfield definition
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Opcode

28...26
31..29 ¢ 1 2 3 4 5 6 7
0 [SPECIAUREGIMM[ J JAL BEQ BNE | BLEZ | BGTZ
1 | ADDI | ADDIU | SLTI | SLTIU | ANDI ORI XORI LUI
2 | COPO [ * 0 BEQL | BNEL | BLEZL | BGTZL
3 * * * * * * * *
4 LB LH 0 LW LBU LHU * *
5 SB SH * SW * * * *
6 * 0 0 0 * 0 [ 0
7 * [ 0 0 * O [ 0
2 0 SPECIAL function
5.3 0 1 2 3 4 5 6 7
0 [ SLL * SRL SRA | SLLV * SRLV | SRA/
1 JR JALR * * BYSCALL BREAK * SYNC
2 [ MFHI | MTHI | MFLO | MTLO * * * *
3 [ MULT |[MULTU| DIV DIVU * * * *
4 | ADD | ADDU | SUB | SUBU | AND OR XOR NOR
5 * * SLT SLTU * * * *
6 * * * * * * * *
7 * * * * * * * *
18..16 REGIMM rt
20..19 o 1 2 3 4 5 6 7
0 [ BLTZ | BGEZ | BLTZL | BGEZL * * * *
1 * * * * * * * *
2 [BLTZAL |BGEZALBLTZALLBGEZALL * * * *
3 * * * * * * * *

Figure 4.8: MIPS-II instruction encodings of igex subset [3]

4.3.2.1 R-type Instructions

the contents of their function codes are zero. If the instructions are re-encoded so that no function
specifier is needed for modification of opcode, six bits canJszlsavlorewer, every instruction

in this format has at least one unused 5-bit subfieldr ekample in ADD instruction, shift
amount subfield (sa) is unused. Further bitangpis possible if the unused subfield(s) in the

instructions is(are) discarded with re-encoding. Hence, R-type instructions can be compressed by

All R-type (Rayister) instructions »xept MFCO and MTCO ha& a 6-bit opcode
modified by a 6-bit function code. MFCO and MTCO do not use the function spexsfeeresult

re-encoding to get rid of the function specifier and unused subfield(s).

4.2

We separate the R-type instructions into the Walhy sub-groups as stvo in Table
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Used Unused .
Type AbBbr 1 o bfield(s) | Subfield(s) Instructions

R1 R1 rs,rt,rd sa ADD, ADDU, SUB, SuBJ,
Arithmetic AND, OR, XOR, NOR, SL,
instructions SLTU
(3-operand R-type)
R2 R2.1 | rt, rd,sa rs SLL, SRL, SRA
Shift Instructions

R2.2 |rs,rt, rd sa SLLV, SRLV, SRA/
R3 R3.1 |rs, 1t rd,sa MULT, MULTU, DIV, DIVU
Multiply/divide
Instructions R3.2 |rd rs, rt,sa MFHI, MFLO

R3.3 |rs rt,rd,sa MTHI, MTLO
R4 R4.1 |rs rt,rd,sa JR
Jump Instructions

R4.2 |rs,rd rt,sa JALR
R5 R5.1 | none rs,rt,rd,sa | SYSCALL
Special Instructions

R5.2 | (rdandsa | rs,rt BREAK

are coded)

R6 R6.1 | rt, rd, sa MTCO, MFCO
System Control (rs encoded
Coprocessor
Instructions R6.2 | (rs encoded] rt,rd,sa RFE

R6.3 | noinfo no info ICINV
R7 R7 none rs,rt,rd,sa | SYNC
Load/Store
Instructions

Table 4.2: Sub-gups of R-type instructions
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4.3.2.2 |-type Instructions

All I-type (Immediate) instructions include a 16-bit immediate. These immediates are
either zero-gtended or sign»¢ended. Consequentlyy remeing leading zeros or leading sign
bits, the immediates can be shortened to contain only significant bits.REipe, some of the
I-type instructions contain unused subfields. Re-encoding to discard the unused subfields,
therefore, helps with bit sang in some I-type instructions. Accordinglytype instructions can
be compressed by reducing the size of immediate field along with re-encoding te rén@o
unused subfields.

I-type instructions are dided into the follaving sub-groups as siwo in Table 4.3.

Used Unused .
Type Abbr subfield(s) | subfield(s) Instructions
11 1.1 rs,rt,imm none ADDI, ADDIU, SLTI, SLTIU,
Arithmetic ANDI, ORI, XORI
Instructions
(ALU immediate) | 11.2 rt,imm rs LUI
12 2.1 rs,rt,imm none BEQ, BNE, BEQL, BNEL
Branch Instructions
2.2 rs, imm rt BLEZ, BGTZ, BLEZL, BGTZL
2.3 rs, imm none BLTZ, BGEZ, BITZL,
(rt encoded) BGEZL, BLTZAL, BGEZAL,

BLTZALL, BGEZALL

13 13 rs, rt, imm none LB, LH, LW, LBU, LHU, SB,
Load/Store SH, SW
Instructions

Table 4.3: Sub-giups of I-type instructions

Table 4.4 summarizes Wwahe immediates of I-type instruction ardended.
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Type Abbr Instructions Extension of Immediate

11 1.1 ADDI, ADDIU, SLTI, SLTIU signed
Arithmetic ANDI, ORI, XORI ZEero
Instructions

(ALU immediate) | 11.2 LUI zero
12 2.1 BEQ, BNE, BEQL, BNEL signed

Branch Instructions
2.2 BLEZ, BGTZ, BLEZL, BGTZL | signed

12.3 BLTZ, BGEZ, BIOZL, signed
BGEZL, BLTZAL, BGEZAL,
BLTZALL, BGEZALL

13 13 LB, LH, LW, LBU, LHU, SB, | signed
Load/Store SH, SwW
Instructions

Table 4.4: Immediatexéension of the I-type instructions

4.3.2.3 J-type instructions

J-type (Jump) instructions V& 26-bit tagets which are zeraoxeended. By
eliminating leading zeros, the ¢t can be shrunk to retain only significant bits. Thus, J-type
instructions can be compressed by reducing the size of tet teid.

Table 4.5 presents the only sub-group of J-type instructions. xiéesen of taget

field is summarized indble 4.6.

Used Unused

Type ABDT | s\ bfield(s)| Subfield(s)

Instructions

J1 J1 target none J, AL
Jump Instruction

Table 4.5: J-type instructions
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Type Abbr Instructions Extension of @mget

J1 J1 J, AL zero
Jump Instruction

Table 4.6: &rget extension of J-type instructions

4.4 Previous study on Code Compression

Embedded systems are highly constrained by costepand size. A considerable
part of circuitry is used for instruction memonAs lager memory means bigger and more
expensve die, smaller program size can therefore reduce the cost of embedded systems.
Nowadays, the code size of a program hasvgrand become considerablydar The graith in
code size impacts embedded system not only on increasingutadsd by laver performance
due to delays from I-cache misses [15]. This problem will only becoongevas the disparity in
performance between processor and memory increases. One solution to reduce the I-cache misses

as well as reduce the cost fromgar memory is to decrease the code size of a program.

4.4.1 Approachesfor Code Size Reduction
Many approaches e been proposed to selthe code-size problem including [1]:

- Hand code in assemblerThis technique requires the designer to hand-code
assembler for code-size optimization. This approactveyer, is impractical because of the
amount of time required to produce code.

- Improve the compiler Another option is to impre the compiler technology
Nevertheless, the code size from this method willenebe smaller than the code size from
hand-coding.

- Use compessed code:This method requires compressing the code and
decompressing it back in the decode stage of the pipeline. Thddck of this technique is the

slower execution speed due to compression and the additional Aexaverhead required.

Our study on usingajed vordlines to reduce the number of bitline swings, asyate

reduce pwer dissipation in the SRAM array of the I-cache, is based on the technique of using
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compressed code. In thexhesection we will, therefore, discuss other techniques on using
compressed code; short instruction encodings and Dictionary compressiaevekiovhile our

study is focused on reducing the instruction sizewetahe dynamic peer dissipated from the
bitlines of the SRAM array in the I-cache, their studies emphasize on reducing the code size to
decrease the delay from I-cache missessigechigher instruction bandwidth and reduce size and

cost of program memary

4.4.1.1 Short Instruction Encodings

The concept is based on tleet that seeral instructions in the RISC instruction set do
not require full 32-bit to represent. Wever, the 32-bit fied-length format is used fovery
instruction because of the ease of fetch and deaad®ib results in awsted memory space. If the
size of instructions is reduced, more instructions can be stored in memory as well as cache.
MIPS16 and Thumb are twinstruction set modifications which reduce instruction
sizes in order to reduce the total size of the compiled program [15]. Thumb and MIPS16 are
defined as anxéension of ARM architecture and MIPS-III architecture respelti
In our study on usingaged wordline to reduce the number of bitline swings, we based

our development on MIPS16. Therefore, in this part we willetoMIPS16 in detail.

44.1.1.1 MIPS16

One proposed idea for reducing the size of the instructions is the MIPS16 architecture,

the subset of MIPS-III architectures, by MIPS Inc. It is designed to be fully compatible with
32-bit (MIPS I/1l) and 64-bit (MIPS-I11I) architecture.

MIPS16 architecture reduces the size of the 32-bit instructions to 16-bit. Each MIPS16
instruction has a one to one correspondence with MIPS-III instruction. The translation from

MIPS16 to MIPS-IIl uses simple hardve between I-cache and the decode stage as in Figure 4.9
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Figure 4.9: MIPS 16 Decomession [14]

MIPS16 reduces the instruction size bfarinking all three components of the
instruction word, opcodes, gaster numbers and immediate size. Opcode and function modifier
are both reduced from original 6 bits to 5 bits, and define 79 instructions in total. The number of
registers in use are restricted to only §iséers out of 32 basegisters. This, therefore, alls
MIPS16 to use 3 bits for géster specifier instead of 5 bits. In R-type instruction format, only 2
operands, are supported in MIPS16, compared to 3 operands in MIPS-IIl. This means that one
source rgister must also be used as the destinatigistex

The constraint on the size of immediate contels to the most smg. I-type
instructions hae immediate size ranges from 3-bit, 4-bit and 5-bit, with the majority being 5-bit
immediate, compared to 16-bit in MIPS-I11.

Switching between MIPS16 compressed instruction mode to 32-bit MIPS-11l mode is
done by the ALX instruction (Jump And Link with eXchange).ALUX instruction toggles the
state of the instruction decode logic between 32-bit mode and 16-bit mode [14].

The instruction of MIPS16 is shrunk with the price of reducing the number of bits
representing gisters and immediatealues. The programs are limited to use onlygssters of
the base architecture and the range of immedaltees are reduced substantialiyonsequently
MIPS16 are unable to use the full capability of the underlying processor

MIPS16 achiees the net codesag of 40% across a range of embedded and desktop
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codes [14]. It is@dent from these statistics that MIPS16 ifeefive in reducing the code size.
However, the statistics also suggest that the number of instructions in a program increases. If the
number of the instructions did not increase,ould be possible to obtain 50% in code reduction.
This obseration is indeed correct as reported in Kissell [14], who olesaivat in MIPS16 more
instructions are required to perform some of the operations. The increase in the number of the
instructions necessitates a program tecete more instructions; therefore, reducing the
performance [15].

MIPS16 reduces the size of instructions in order twelothe memory capacity
requirement of the hardwe, while our technique compresses the size of instructions and uses
gated vordlines to reduce the number of bitline swings in the SRAM array of the I-caghearW
combine our proposed technique with MIPS16 so that both the memory requirement and the
I-cache pwver dissipation can be reduced. MIPSl6vmtes the run-time switching between the
16-bit compressed mode and the 32-bit mode. By applying our technique to the 32-bit mode,
when the processor is in the 32-bit mode and hence not using MIP S, gissipated in the

I-cache can be Wwered without reducing performance.

4.4.1.2 Code Compression Using a Dictionary

Generally object code generated by a compiler is repetitiTherefore, a compiled
program can be compressed by using a post-compilation analyzer to find the redundant instruction
sequences in the instruction stream and replacing each complete sequence with a single
codevord, as proposed in Lefgy et. al. [15]. In their technique, the sequences of instructions
which are replaced with coderds are sad in a Dictionary During program xecution, the
instruction decoder in the decode stage checks the opcode of the instruction fetched from the
I-cache. If the opcode indicates a compressedvwmde the Dictionary will gpand the
codevord in the instruction stream back to the original sequences of instructions which are issued
to the e&ecution stage sequentially Instruction fetch from the I-cache is stalled until the
sequences are complete. On the other hand, if the opcode detects an uncompressed instruction,

the instruction decode angexution proceeds in a normal manner

59



uncompressed
instruction

stream
compressed compressed
- - H M t
| Dictionary L1 instruction™——
~&— cache main memory

Figure 4.10: CPU layout with Dictionary foxpansion of instructions [15] [6]

This method is applied to the Wer PC, ARM and i386 ISAs using SPEC CINT95
benchmark programs. Anverage code size reduction of 39%, 34% and 26% is attained
respectrely. Unlike MIPS16, this approach does not increase the number of instructions in a
program. The compiled program is compressed and translated back to the original uncompressed
program. As a result, the number of instructioxscated in the program is not modified. In
addition, this technique has the complete access to the resources of the underlying prolsessor
compressed program can access all thesters, operations and modasitable as in the base
architecture [15].

The disadantage of this approach,wever, lies in the &ct that more bits need to be
fetched, including not only the caderd kut also the original sequences of instructions translated
back from that codeord. Hence, more peer is consumed.

This technique of code compression using a Dictionary can be furtherviepifo
combined with our method of usingtgd vordline to reduce the number of bitline swings. Our
approach can be used to compress the size of the uncompressed instructions anevéindscode
that will be stored in the I-cache as well as the sequences of instructions that will be stored in the
Dictionary Our method will preent the storing of unnecessary bits into the SRAM arrays of the
I-cache and the Dictiongrgnd as a result eliminate thensr dissipated from reading or writing
those unused bits. M the intgration of our scheme, this technique can not orfigctvely

compress the code sizatlalso can reduce dynamicvper dissipation from its I-cache.
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Chapter 5

Experimental Study on Using Gated Wordlines to

Reduce the Number of Bitline Swings

In this last part of the thesis, weveadeveloped the technique of usingtgd vordline
to reduce the number of bitline swings which hence decrease the number of bits read out from the
I-cache, as ws discussed in Chapter 4. Our approach reduces the instruction size, a method that
is also used in MIPS16. Maver, unlike MIPS16 in which eery instruction is shortened to 16
bits, we shrink the instructions only when we are still able to retain full access to the resources of
the underlying processorOtherwise, the instructions will continue to be full-length. Tkteae
bit(s), which is stored along with the instructions during the cache refill, will be used to indicate
the size of the instruction to be read out btirgg wordline. Our technique, therefore, al®us to
reduce pwer dissipated in the SRAM array of the I-cache from reading or writing the
unnecessary bits of the instructions that do not require full 32 bits.

In the nat sections we will discuss the compression techniques used for reducing the
size of instructions in the 2-size and the 3-sigesions of our gted wordline technique. Then,
we will discuss ourx@erimental results obtained from applying our technique to the MIPS-II

instruction set.
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5.1 Experimental Study
5.1.1 The 2-size Approach

5.1.1.1 Compressiorethnique for Medium Size

In order to achiee high bits sang, it is imperatte to use medium size for the
instructions as much as possible. This requires re-encoding to eliminate unnecessary bits for
some R-type and I-type instructions as well as reducing the immediate sizegmidsiteg for
I-type and J-type instructions respeety.

In R-type instructions, both the 6-bit function modifier and one 5-bit unused subfield
can be discarded with thewmeencoding. Some of the I-type instructions are composed of an
unused subfield while somevesathe source ggster equal to the tget rayister which can hence
be combined to use only onegigter for both source and ¢gt. Therefore, these I-type
instructions can also use re-encoding to get rid of a 5-bit subfieldvevdn by consulting
MIPS-1I opcode bit encoding table st in Figure 4.8, we found that there are only thirty-four
entries &ailable for instruction re-encoding. Hence, only thirty-four instructions are selected for
re-encoding based on the frequgin€ occurrence in benchmark programs.

From the statistics of the benchmark program, wee hselected the follming

frequently occurred instructions for re-encoding.

R1: ADD, ADDU, SUB, SUB, AND, OR, XOR, NOR, SI, SLTU
R2 1: SLL, SRL, SRA

R2 2. SLV, SRLV, SRA/

R4 1: JR

R4 2: ALR

11_1: ADDI, ADDIU, SITI, SLTIU, ANDI, ORI, XORI

I2_1: BEQ, BNE, BEQL, BNEL

11_2: LUI

R3 1: MULT, MULTU

R3 2: MFHI, MFLO
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Opcode

28...26
31.29 o 1 2 3 4 5 6 7
0 [SPECIAUREGIMM] _ J JAL BEQ | BNE | BLEZ | BGTZ
1 | ADDI [ ADDIU | SLTI | SLTIU | ANDI ORI | XORI LUI
2 [ COPO | JR(R) * JALR(R)| BEQL | BNEL | BLEZL | BGTZL
3 [ADD(R) JADDU(R) SUB(R) [SUBU(R) AND(R) | OR(R) | XOR(R) | NOR(R)
4 LB LH [SLL(R)| LW LBU LHU | SRL(R)| SRA(R)
5 SB SH [SLLV(R)| SW [SLTU(R)| SLT(R) [SRIV(R)|SRA/(R)
6 [MULT(RMULTU(RMFHI(R)IMFLO(R) BEQ(R) | BNE(R) |BEOL(R)BNEL(R)
7 [ADDI(R) ADDIU(R] SLTI(R) [SLTIU(R)|ANDI(R)| ORI(R) [XORI(R)| LUI(R)
2 0 SPECIAL function
5.3 0 1 2 3 4 5 6 7
0 * * * * * * * *
1 * * * *  BYSCALL BREAK * SYNC
2 * MTHI * MTLO * * * *
3 * * DIV DIVU * * * *
4 * * * * * * * *
5 * * * * * * * *
6 * * * * * * * *
7 * * * * * * * *
18...16 REGIMM rt
20..19 0 1 2 3 4 5 6 7
0 [ BLTZ [ BGEZ [ BLTZL [ BGEZL * * * *
1 * * * * * * * *
2 [BLTZAL |BGEZALBLTZALLBGEZALL * * * *
3 * * * * * * * *

Figure 5.1: CPU instruction encodings of igée subset for the 2-size method (Note: (R) stands

for re-encoded)

It should be noted that in order to re-encode instructions for compression purpose, we
have used all the iligal opcodes which causgaeption (preiously designated by asterisk “ * ),
as shwn in Figure 4.8. Thereforeyery time we encounter an ijal opcode before doing a
compression, we ra to re-encode them to use BREAK as their opcode instead.

Among the thirty-four instructions that weuvgachosen, twenty-tw instructions are
R-type. Therefore all twenty-twR-type are re-encoded so that both 6-bit function modifier and
the unused 5-bit subfield can be remd After re-encoding in which 11 bits arevesd, these
R-type instructions need only 22-bit to represent (21 bits of instruction with an M/L bit). The

twelve remaining instructions are I-type. 11_2 (LUI) instructionsagls hae rs field equal to
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zero; therefore, after re-encoding only rt field remain. From the instruction analysis, we
discovered that I1_1 (ADDI, ADDIU, SO, SLTIU, ANDI, ORI, XORI) instructions often
have source rgister (rs) equal to tget rayister (rt). Consequentlwhen I11_1 instructions ke rs
equal to rt, the are re-encoded to Y& only 5-bit rs field without the redundant rt field. Another
discovery is that the majority of 12_1 (BEQ, BNE, BEQL, BNEL) instructionsehtaget
register (rt) equal to zero. Accordinglwhen 12_1 instructions ke rt equal to zero, tlyeare
re-encoded with only rs field left. As a result, these tevehgtructions with the right condition
can eliminate the insignificant subfield, therebyirsg 5-bit esen before immediate field is
reduced.

As mentioned prgously, I-type and J-type instructionsyeimmediate and tget that
can be shortened to contain only significant bitse We the 22-bit instruction size from the
re-encoded R-type instructions as a baseline to find the suitable immediate size for the
medium-size instructions. Accordinglyhe 22-bit I-type instruction has a 5-bit immediate;
therefore, we xaamine each potential immediate size ranging from 5-bit up to 15-bit to find the
immediate size which results in thedast bits s@ng. Note that for the tweésre-encoded I-type
instructions, their baseline size for the immediates is 10-bit due to 5Svbigsachieed from
removing the unnecessary subfield. As for other instructions which re-encoding and reducing the
immediate and tget size can not eer, they remain long size which are 33 bits; 32 bit instruction
with a set M/L bit. Section 5.2 gers in detail our method to find the size of the immediate field

of the medium-size instruction that results in the biggest bitaga

5.1.2 The 3-size Approach

Aiming for bits saing higher than that achied by the 2-size method, we proceed
with the technique of lng instructions in one of three sizes; short, medium and long. W
followed MIPS 16 by using 16 bits to represent a short instructibmeuired an additional reset
S/M bit for size indication. Therefore, our short-size instruction is 17-bit, one bit longer than the
MIPS16 instruction. The long size instruction stays 32-bit full-length with a set S/M bit and a set
M/L bit. As a result, a long-size instruction is 34 bits in total, a bit more than the one in the 2-size

approach. The optimized size of the medium instruction will be determined in section 5.2.
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5.1.2.1 CompressioneEhnigue for Short Size

In addition to reduce the immediate size and theetarsize, as pwously
demonstrated in the 2-size method, better re-encoding gstrase required for short-size
compression.

In the 2-size method, the re-encoded R-type instructiovs Ibath the 6-bit function
modifier and the 5-bit unused subfield discarded. In order to reduce the R-type instruction to
16-bit, an additional 5 bits must also be reeth Instruction analysis has been done on some of
the R-type and the I-type instructions whichvédébeen tageted for re-encoding to further
eliminate the 5-bit unused subfield or the 5-bit redundant subfield, for which the sgistar ie
equal to the destinationgister

Based on the statistics of the benchmark program, we belected the follwing

twenty-nine frequently occurring instructions for re-encoding.

R1: ADD, ADDU, SUB, SUB, AND, OR, XOR, NOR, SI, SLTU
R2 1: SLL, SRL, SRA

R2 2: SLV, SRLV, SRA/

R4 1: JR

R4 2: ALR

I1_1: ADDI, ADDIU, SITI, SLTIU, ANDI, ORI, XORI

12_1: BEQ, BNE, BEQL, BNEL
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Opcode

28...26
31..29 0 1 2 3 4 5 6 7
0 [SPECIAUREGIMM| J JAL BEQ BNE | BLEZ | BGTZ
1 | ADDI | ADDIU | SLTI | SLTIU | ANDI ORI XORI LUI
2 [ COPO SB SH SW BEQL | BNEL | BLEZL | BGTZL
3 | LBU LB LH LW LHU * * *
4 * * BEQL(R)BNEL(R)BLEZL(RBGTZL(R) JR(R) |JALR(R)
5 [ SLL(R) | SRL(R) | SLT(R) |SLTU(R)| SRA(R) | SLLV(R) |SRLV(R) |[SRAV(R)
6 | ADD(R) JADDU(R)| SUB(R) |[SUBU(R) AND(R) | OR(R) | XOR(R)| NOR(R)
7 [ADDI(R)ADDIU(R) SLTI(R) [SLTIU(R)]ANDI(R)| ORI(R) | XORI(R) 0
2 0 SPECIAL function
5.3 0 1 2 3 4 5 6 7
0 * * * * * * * *
1 * * * * BYSCALL BREAK * SYNC
2 [ MFHI | MTHI | MFLO | MTLO * * * *
3 [ MULT [MULTU| DIV DIVU * * * *
4 * * * * * * * *
5 * * * * * * * *
6 * * * * * * * *
7 * * * * * * * *
18..16 REGIMM rt
20..19 o 1 2 3 4 5 6 7
0 [ BLTZ | BGEZ [ BLTZL | BGEZL * * * *
l * * * * * * * *
2 [BLTZAL [BGEZALBLTZALLBGEZALL * * * *
3 * * * * * * * *

Figure 5.2: CPU instruction encodings of igée subset for the 3-size method (Note: (R) stands
for re-encoded; The opcode for Load/$tarstructions and the opcode for COPO havanged

places so that the meencoded opcodes can locate in the bottom half of the)table

We hare summarized the techniques wevdiaused to compress the size of the

instruction into 16-bit as folles:

5.1.2.1.1 @&dnique to compress R1 (ADD, ADDU, SUB, SUB AND, OR, XOR, NOR,

SLT, SLTU) and R2_2 (SLV, SRLV, SRA/)

field in these instructions can not be altered; otherwise, the result is incoweetarfaple, ‘SUB

rl, r2, r3’ means that the contents of r3 (rt) being subtracted from the contents of r2 (rs) to form a

Out of thirteen instructions in thesedwub-groups, ggster ordering matters for\gen
instructions; SUB, SUB, SLT, SLTU, SLLV, SRLV, SRA/. The position of the rs field and the rt
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result. When the position of r2 and r3 axeleanged to ‘SUB r1, r3, r2’, the result is changed to
the contents of r2 (rt) being subtracted from the contents of r3 (rs).

With detailed gamination, we ha found that often sourcegister (rs) is equal to
destination rgister (rd) and also that tgat raister (rt) is equal to rd. Therefore, the rd subfield is
redundant in both cases. \Wever, when rgister ordering matters, weveto choose between the
two cases; either use an rs subfield for both rs and rd, or use an rt subfield for both rt and rd.
Further analysis keals that rs equal to rd is more frequent than rt equal to rd. Consegigently
those seen instructions, in which gester ordering matters, rd subfield will be discarded when the
rs and rd subfields are equal. As for the rest of the instructions in tleesat@ories, rd subfield
can be remeed in both cases. i the elimination of 5-bit redundant rd subfield, 6-bit function
specifier and 5-bit unused sa subfield in the& eacoding, the instructions can shrink to 16-bit.

Other instructions in these ewsub-groups with no redundant rd subfield remain medium-size.

5.1.2.1.2 &dnique to compress R2_1 (SLL, SRL, SRA)

Instructions in this type frequently Veathe taget reister (rt) same as the destination
register (rd). Vith this condition, rt and rd can be compressed into one subfield, 5 more bits are
saved besides the 6 bits from function specifier and the 5 bits from rs subfield. The instructions
with rt equal to rd, therefore, can be re-encoded to shorten the size to 16-bit. On the other hand,
when rt is not equal to rd, the instructions can not be compresgddrdrer and the instruction

stays medium-size.

5.1.2.1.3 &dnique to compress R4_1 (JR) and R4_2ALR)

It is relatvely easy to compress JR, since there are ay amthree unused subfields.
Yet, we discard only tavunused subfields, rd and sa, so that the short size is 16 bits, same as the
others. ALR also has tw unused subfields which are twoavay during re-encoding. Hence,

these tw instructions are alays short-size.

5.1.2.1.4 &dcnique to compress 11_1 (ADDI, ADDIU, S, SLTIU, ANDI, ORI, XORI)

As mentioned prgously in the 2-size approach, 11_1 instructions oftevehsource
register (rs) equal to tget rayister (rt). When this is true, thare re-encoded to ¥ only the
5-bit rs subfield without the redundant rt subfieldithvthis condition of rs equal to rt, another 11

bits must still be eliminated before the instruction can be short-size. As a consequence, if the
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instructions hee both rs equal to rt and also immediate size xe¢eding 5 bits, thecan fit into
a short-size format.

When rs is equal to rt,ub the immediate sizexeeeds 5 bits, the instructions can be
either a medium size or a long size depending on the size of the immediate. If the immediate size
does not surpass the sum of the immediate size of the medium instruction and the additional 5
bits, the instructions are medium-size; elsey tre long-size.

On the contrarywhen rs is not equal to rt, the instructions can be either a medium size
or a long size based on the size of the immediate. If the immediate size dogseect the

immediate size of the medium instruction, the instructions are medium-size; otherwjisaethe

long size.
Size Condition
short RS =H & immediate size <= 5-bit
medium 1. RS=RHR & 5-bit <immediate size <= 5-bit + medium immediate size
2. RS =R & immediate <= medium immediate size
long 1. RS=R & immediate > 5-bit + medium immediate size
2. RS =R & immediate > medium immediate size

Table 5.1: Compassion condition for 11_1 (ADDI, ADDIUSLTI, SLTIU, ANDI, ORI, XORI)

5.1.2.1.5 &dnique to compress 12_1 (BEQ, BNE, BEQL, BNEL)

As discwered in the 2-size method, the majority of these branch instructioes ha
zero-\alued rt. Theg are, therefore, re-encoded without the 5-bit rt field. The instructions in this
type can bex@ressed in short format, only when the instructionge lrero-alued rt and their
immediate size does nateeed 5 bits.

If instructions hae zero-walued rt, though the immediate sizeceeds 5 bits, the
instructions can be either a medium size or a long size contingent upon the size of the immediate.
If the immediate size does not surpass the sum of the immediate size of the medium instruction
and the additional 5 bits, the instructions are medium-size; elyearthéong-size.

In contrast, when the instructions do nowénazero-alued rt to bgin with, the

instructions &ll into either a medium size or a long size depending on the size of the immediate.
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If the immediate size does nokoceed the immediate size of the medium instruction, the

instructions are medium-size; otherwise ytaee long size.

Size Condition
short R =0 & immediate size <= 5-bit
medium 1. RT=0 & 5-bit <immediate size <= 5-bit + medium immediate size
2. RT '=0 & immediate <= medium immediate size
long 1. Rt =0 & immediate > 5-bit + medium immediate size
2. RT '=0 & immediate > medium immediate size

Table 5.2: Compssion condition for 12_1 (BEQ, BNE, BEQL, BNEL)

5.1.2.1.6 €dnique to compress 13 (LB, LH, W, LBU, LHU, SB, SH, SW)

The word size in 32-bit architecture is 4 bytes. Load/Storevdligte ofset lut there

is almost avays word of'set for LW, SW and halfwrd ofset for LH, LHU, SH. Thus, the v
least significant bits in the immediate aiVLand SW are almostwadys zero due to avd offset.
Likewise, the least significant bit of LH, LHU and SH are almostg$ zero due to halfwd

offset. In SPECint95 benchmark programs that we used, we found that theveagsevelrd and

halfword offsets. Accordinglywe disrgard bit 0 in the immediate of LH, LHU, SH and start

probing the immediate from bit 1 as a starting point. In the same mair@mand bit 1 can be

omitted in the immediate o, and SW This technique of usingawd and halfwrd offsets is

also used in MIPS16. The compression conditions for 13 instructions arenasishmable 5.3.

Size Condition
medium LB, LBU, SB: immediate size <= medium immediate size
LH, LHU, SH: immediate size <= medium immediate size + 1
LW, SW immediate size <= medium immediate size + 2
long LB, LBU, SB: immediate size > medium immediate size
LH, LHU, SH: immediate size > medium immediate size + 1
LW, SW immediate size > medium immediate size + 2

Table 5.3: Compassion condition for 13 (LB, LH,W, LBU, LHU, SB, SH, SW)
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The rest of R-type instructions besides R1, R2_1, R2 2, R4_1 and R4_2 are 34-bit
long format. I-type instructions other than 11_1, 12_1, I3, which are I1_2, 12_2 and I12_3, are
either medium format or long format based on whethekaeeds the immediate size of the

medium instructions. able 5.4 summarizes the compression condition for I11_2, 12 2 and 12_3

instructions.
Size Condition
medium immediate size <= size of medium immediate size
long immediate size > size of medium immediate size

Table 5.4: Compassion condition for 12_1, 12_2, and 12_3 instructions (LUIl, BLEZ, BGTZ,
BLEZL, BGTZL, BILZ, BGEZ, BOIZL, BGEZL, BIZAL, BGEZAL, BLZALL, BGEZALL)
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5.2 Experimental Methods
5.2.1 Simulation

Table 3.1 shws the applications we t@ used in ourvaluations. W compiled each
benchmarks with GCC 2.7.0 using -O3 optimization. The benchmarks were simulated using an
ISA-level simulator written in C++ which inggates the techniques used to reduce the size of the
instruction set in both approaches. The frequedistribution of each instruction, dynamic

compression ratio and the percentage of reduction in bits read out were recorded.

The dynamic compression ratio is defined by the Wolg formula [15]

Dynamic compression ratio =its read out after compression
original bits read out

In order to determine the immediate length of the medium-size instruction that
achieves the lagest bits sang in both approaches, we use tlaiable-length immediate in the
simulation, as shwn in Figure 5.3 and 5.4. &kamine the potential immediate length ranging
from 5 bits to 15 bits. This results in the medium-size instruc@oying from 22 bits to 32 bits
in the 2-size method and 23 bits to 33 bits in the 3-size method. The long-size instructions are
fixed-length 33 bits and 34 bits in the 2-size and the 3-size techniques vebpette short-size

instruction for the 3-size approach isglikat 17 bits.
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op reg reg reg .El R-type

6 5 5 5+x 1
M/L
when the medium-size
. instruction is 22 + x bits
op reg reg imm 0 I-type

- a4 p 44— P <>

6 5 5 5 +X 1
MI/L
0 3.
op target J-type
- - -
6 15 +x 1

Figure 5.3: \riable-length immediate of medium-size instruction in the 2-sizeagpr

SIM > M/L

op reg reg |1 reg .E‘ R-type

-— P <4 P b <4 > o —Pp<>

6 5 5 1 5+x 1
S/M M/L
op reg reg 1 imm 0| Itype when the medium-size
instruction is 23 + x bits

- P> L4 a4 44— <>

6 5 5 1 5+4x 1
S/M M/L
op target 1 target 0 J-type
- - > q—p <>
6 10 1 5+ X 1

Figure 5.4: Variable-length immediate of medium-size instruction in the 3-sizeagpr
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5.2.2 Experimental Results

Our eperiments reeal that the dynamic compression ratio and the percentage of
reduction (saing) in bits read out areevy similar across all inputs of the same benchmark
program, and also comparable across tHeréifit benchmark programs in both methods. Figure
5.5 and 5.6 illustrate the dynamic compression ratio of the benchmarks in the 2-size and the 3-size
approaches respeatly. Figure 5.7 and 5.8xhibit the percentage of reduction \{Bay) in bits
read out from each benchmark in the 2-size and the 3-sig®mns in the orderggn.

As can be seen from the figures, when the dynamic compression ratio increases, the
percentage of reduction in bits read out decreases because more bits are fetched out in the
compressed program. Our simulations on the 2-size approach indicate that the compressed
programs are composed of bits mostly from the medium-size instructionsyasisHegure 5.5.

This is hav bits saing originates because we no longer use the 32-bitfiength format for all
instructions. When the length of the medium-size instruction increases, the bits composition
comprises more of the medium-size instructions and less of the long-size ones, as more
instructions fit into the medium size. This is confirmed in Figure 5.9velAw, the increment in

the instructions captured into the medium size is less than the increase in total bits due to the
longer size of the medium instruction; therefore, the dynamic compression ratio rises and the
percentage of reduction {8ag) in bits read out drops.

Our simulations on the 3-size approach also ¥ollbe same trend. The majority of
bits are still from the medium-size instructionst la lage number of bits are mofrom the
short-size ones. The percentage of short-size instructions in the benchmarks iswas follo
37.44% in m88ksim, 44.07% in ijpe22.33% in li bger, 21.17% in li dex and 21.31% in |i
dderv. This 3-size grsion compresses the program size further sineeraeinstructions
previously in the medium size canwde assigned to the short size. Figure 5.10 presents the
breakdevn of instructions in each benchmarks into short, medium and long instructions.

We have to understand here that R-type instructions detctad diferently from
I-type and J-type instructions when the length of medium-size instruction increases. The R-type
instructions that can be compressed into the medium size are all fit into 21 bits. Therefore, the
minimum medium-size length, which is 22 bits (21 bits with additional M/L bit) in the 2-size
approach and 23 bits (21 bits with additional S/M bit and M/L bit) in the 3-size one, is required

for the medium-size R-type instructions. As a result, when the length of the medium-size
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instruction increases, no additional R-type instructions get captured into the medium size, since
all hare already been caught with the minimum length of the medium size instruction. Not only
do the number of R-type instructions which can fit into the longer instruction not increages b
longer medium size also introduces unused bits in the medium-size R-type instructions. Hence,
more bits are wasted unnecessarilyln contrast, as the length of the medium-size instruction
increases, more I-type and J-type instructions get captured into the longer medium size. This is
because the longer the instruction size is, the more the instructions with longer immediate length
can fit in. Havever, the increase in the number of the I-type and the J-type instructions that can fit
into the longer medium-size instructions is not enoughfgebthe bits increase from using the
longer size. The mative impact of longer medium size on the R-type, I-type and J-type
instructions; therefore, results in the rise in the dynamic compression ratio and the drop in the
percentage of reduction {gag) in bits read out as the length of the medium-size instruction
increases, as seen in Figure 5.5 - 5.8 velheless, this is not the case in some benchmarks when
the length of the medium-size instruction increases from 22-bit to 23-bit and from 23-bit to 24-bit
in the 2-size and the 3-size approaches resdctiln these xceptional cases, the increase in the
number of the I-type and the J-type instructions that can fit into the longer medium-size
instructions dominates the bits increase from using the longer size. Therefore, we can see the
dynamic compression ratio drops and the percentage of reduction in bits read out rises, as
illustrated in Figure 5.5 - 5.8.

The efect of longer medium-size instruction on dynamic compression ratio and
reduction (seing) in bits read out is more pronounced in the 2-size approach than in the 3-size
one. fr example in ijpg ref, as the immediate-length increases from 5-bit to 15-bit, the dynamic
compression ratio of the 2-size approach increases from 73.21% to 100.05% compared to the
dynamic compression ratio of the 3-size approach which increases from 67.81% to 81.18%.

When the immediate length of the 2-size approach is 15-bit, the compressed program
size is alvays bigger than the uncompressed program size; therefore, dynamic compression ratio
exceeds 100% and no bits arevesd, lut actually vasted. On the other hand, the compressed
program size of the 3-size approach mwagls smaller than the uncompressed program size
regardless of the immediate length. This is due to @ that the number of short-size
instructions in a program is constant and does apt with the immediate size. Therefore, it

helps separating the bits increase from longer medium-size instruction.
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We hae discoered in the 2-size approach simulation that 6-bit immediate, which
results in a 23-bit medium-size instructionyas the smallest dynamic compression ratio and
maximum percentage of reduction \(s) in bits read out in the majority of the benchmarks.
Similarly in the 3-size approach, the 5-bit immediate, which results in 23-bit medium-size
instruction, achiges the smallest dynamic compression ratio and maximum percentage of
reduction (seing) in bits read out. The 23-bit length for the medium instruction is therefore

chosen primarily for both methods.
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Figure 5.11: Summary of dynamic comgsion atio in the benlemark ppgrams when using

23-bit length for medium-size instruction

With the 23-bit medium-size instruction, the 2-size approach obtains/exage

dynamic compression ratio of 77.38% for m88ksim, 75.16% fo,ji®.60% for li bger,
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76.63% for li den and 76.54% for li ddevi Thus, the aerage dynamic compression ratio across

the benchmarks for the 2-size approach is 76.26%. On the other hand, with the 23-bit
medium-size instruction in the 3-size approach, we aetieverage dynamic compression ratios

of 72.09% for m88ksim, 67.80% for ijge70.83% for li bger, 71.90% for li dex and 71.82%

for li dderv. The aerage dynamic compression ratio across the benchmarks for the 3-size
approach is hence 70.88%. These dynamic compression ratio statistics are summarized in Figure
5.11. One clear obseation is that compressed programs in the 3-size approael swre bits

than in the 2-size approach as seen in the smakeage dynamic compression ratio.
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Figure 5.12: Summary of the pentage of reduction (saving) in bitsead out in the bemenark

programs when using 23-bit length for medium-size instruction

Compression of benchmark programs results in the reduction in bits read out of
22.62% in m88ksim, 24.84% in ijge24.39% in li bger, 23.37% in li dewn, 23.45% in |i ddex;
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an aerage of 23.73% for the 2-size approacbr the 3-size approach, the reduction in bits read
out is even greater; 27.97% in m88ksim, 32.01% ingjp29.29% in li bger, 28.06% in li dex,
28.16% in li ddewn; an aerage of 29.10%. These statistics of percentage of reductiong)sen

bits read out are summarized in Figure 5.12.

5.2.3 Conclusion

We have proposed a technique to reduce the number of bits read out from the I-cache
by using @ted vordlines. Our dynamic compression for programs in SPECInt95vashan
average of reduction in bits read out of 23.73% in the 2-size approach and 29.10% in the 3-size
approach.

The 3-size approach when compared to the 2-size one,veshi@ver dynamic
compression ratio and higher percentage of reduction in bits read out across the benchmarks.
Therefore, it is clear that the 3-size approach is the better betweertimereslucing the number
of bitline swings and hence better irwkering the pwer dissipated in the SRAM array of the
I-cache.

In our method of using aged wordline, the compression and decompression
techniques are simple arasft; therefore, there should be little impact on thexall performance.
We can also apply our technique of usiraiegl vordline to MIPS16 and code compression
technique using a DictionaryThese tw techniques, when combined with our proposed method,
will not only achiee higher static code size reductiont lwill reduce the dynamic meer

dissipation in the I-cache as well.

83



84



Chapter 6

Conclusion

In conclusion, we ha proposed and deloped a technique tow@r the paver
consumption in the I-cache by using an in-cache instruction compression technique that uses
gated vordlines to reduce the number of bitline swings.

To accurately estimate cachenmss, we deeloped a cache peer consumption model
based on the direct-mapped I-cache afré@nt (TO) \éctor MicroprocessorFrom the analysis of
the enegy dissipated during cache access in the TO I-cache, we discoered that bitlines
account for 94% of the total switching egyer As enegy dissipated from bitlines dominates the
total enegy dissipation in cache, to acheelonv power, the design techniques should focus on
reducing the engy dissipated in the SRAM array where the bitlines are located.

Next, we investicated tvwo previous studies of M powver cache design; sub-banking
and reducing the frequenof tag compare. These dawechniques and oumm technique of
using @gted vordlines, use the same stigyeo lover the paver consumption in the I-cache; that
is by reducing the engy dissipated in the SRAM arraylhe simulation results siwdfor a 1KB
direct-mapped cache with block size 4-byte, 8-byte, 16-byte, 32-byte and 64-byly, Swieg
from sub-banking as compared to the cache without sub-banking is 18.72%, 47.83%, 69.19%,
82.47% and 90.33% respeetly. As for reducing the frequepcof tag compares, the

experimental results veal that by doing tag compare only when there is conditional branch or
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jump or interblock sequential flg an aerage of 71.6% of tag checks areverged across the
benchmarks.

We then deeloped tvo design ersions to lwer the paver dissipated in the I-cache,
by using @ted wordlines to reduce the number of bitline swings which therefore decrease the
number of bits read out. &\investigated two methods which compress instructions using 2 sizes
or 3 sizes andvaluated our technique by applying them to the MIPS-II instruction set. Our
dynamic compression for programs in SPECInt95 aelsien gerage reduction in bits read of

23.73% in the 2-size approach and 29.10% in the 3-size approach.
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