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Abstract

A cac he line size has a signi�can t e�ect on miss rate and

memory tra�c. T o da y's computers use a �xed line size,

t ypically 32B, whic h ma y not b e optimal for a giv en ap-

plication. Optimal size ma y also c hange during applica-

tion execution. This pap er describ es a cac he in whic h

the line (fetc h) size is con tin uously adjusted b y hard-

w are based on observ ed application accesses to the line.

The approac h can impro v e the miss rate, ev en o v er the

optimal for the �xed line size, as w ell as signi�can tly

reduce the memory tra�c.

1 Intro duction

A design of a computer system is an optimization prob-

lem in v olving of a n um b er of dep enden t v ariables in

a v ery large design space. The v ariables include sys-

tem p erformance, hardw are constrain ts, cost, and ar-

c hitectural parameters. F or general-purp ose systems,

p erformance is ev aluated with resp ect to a particular

b enc hmark program or program suite for a giv en set

of design parameters. T o simplify the problem, dep en-

dences b et w een parameters are frequen tly ignored. A

�xed set of design parameters is selected for implemen-

tation based on ac hiev ed p erformance and adherence to

the constrain ts.

Designs are ev aluated via a time-consuming opti-

mization pro cess based on sim ulation and the design

space is nev er completely explored. The optimization

pro cess searc hes the design space guided b y man ual pa-

rameter selection based on past exp erience. The re-

sulting design is "optimized" for an a v erage b eha vior
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of the b enc hmarks used. It th us comes as no surprise

that suc h a design is not optimal for a sp eci�c appli-

cation. Ho w ev er, the exp ectation is that the loss of

p erformance is small compared to optimal. Exp erience

has sho wn that this is not alw a ys the case. This leads

to design of sp ecial-purp ose systems when a signi�can t

gain in p erformance (or cost) can b e made, as in DSP

or graphics applications.

Another problem with a set of "�xed" design param-

eters is the fact that application b eha vior c hanges dur-

ing execution. Th us ev en within an application the opti-

mal parameter c hoice is not �xed but is time-dep enden t.

This leads to another form of p erformance loss, but

again the exp ectation is that the loss is small compared

to optimal. This time-domain asp ect of p erformance

is m uc h less understo o d and explored than the a v er-

age p erformance, although it has b een in v estigated in

the past at IBM and CSRD for net w ork b eha vior and,

recen tly , b y ourselv es and [1 ], among others, for the

memory hierarc h y .

The design of a memory hierarc h y for high p erfor-

mance, general-purp ose systems is cen tral to ac hieving

the desired p erformance lev els. Its design parameters,

suc h as cac he size, line size, asso ciativit y , fetc h and

write p olicy , coherence mec hanism, etc. are selected us-

ing the pro cess sk etc hed out ab o v e. T ec hnological con-

strain ts usually pla y a primary role in the selection. It

is a w ell kno wn fact in the application comm unit y that

a memory hierarc h y can fail completely on some appli-

cations whose b eha vior is di�eren t from those presen t

in the w orkload used to optimize the design. Ho w ev er,

giv en the design approac h that has to arriv e at a �xed

set of parameters this is una v oidable.

An alternativ e approac h is to allo w a design parame-

ter to tak e on a range of v alues and pro vide a mec hanism

for c hanging to w ards a more optimal parameter v alue

dynamically during execution. The same approac h can

also b e applied to an algorithm or a p olicy used b y

hardw are. A general term "adaptivit y" will b e used to

refer to this dynamic approac h. Adaptivit y can p oten-

tially allo w eac h application to approac h m uc h closer an



optimal arc hitecture/hardw are con�guration and th us

an optimal p erformance. It can also allo w the system

resources to b e b etter utilized and shared within and

across applications.

Adaptivit y is not a new concept in computer systems

and has b een applied b efore in v arious forms. Selected

examples of its use are:

A daptive r outing pioneered b y ARP ANET in com-

puter net w orks and, more recen tly , applied to m ulti-

pro cessor in terconnection net w orks [2 , 3] to a v oid con-

gestion and route messages faster to their destination.

A daptive tr a�c thr ottling for in terconnection net-

w orks [3 ]. [13 ] sho w that "optimal" limit v aries and

suggest admitting messages in to the net w ork adaptiv ely

based on curren t net w ork b eha vior.

A daptive c ache c ontr ol or coherence proto col c hoice

w ere prop osed and in v estigated in the FLASH and JUMP-

1 pro jects [5 , 12 ].

A dapting br anch history length in branc h predictors

w as prop osed in [8 ] since optimal history length w as

sho wn to v ary signi�can tly among programs.

A daptive adjustment of data pr efetch length in hard-

w are w as sho wn to b e adv an tageous [4 ], while in [6] the

prefetc h lo ok ahead distance w as adjusted dynamically

either purely in hardw are or with compiler assistance.

[10 ] is another v ersion of selectiv e prefetc h, closest to

our w ork in man y w a ys but also quite di�eren t. It is

summarized and compared to our approac h in Sec. 6.

Muc h of the previous w ork men tioned ab o v e addressed

a sp eci�c problem via adaptivit y although not alw a ys

via adaptiv e hardw are. Adaptivit y has receiv ed a lot

of atten tion recen tly with a drastic increase in VLSI

complexit y and transistor coun t as w ell as adv ances in

recon�gurable logic. The researc h presen ted here ad-

dresses the use of automatic, dynamic, hardw are adap-

tivit y in the design of a �rst-lev el (L1) data cac he. It is

a part of a more general e�ort, the Adaptiv e Memory

Recon�guration and Managemen t Pro ject (AMRM) at

the Univ ersit y of California-Irvine, to apply adaptivit y

to the design of a memory hierarc h y . This pap er, ho w-

ev er, will only deal with the L1 data cac he adaptivit y .

There are sev eral p ossible L1 cac he parameters one

can dynamically adapt. They include cac he size, line

size, write p olicy , write bu�ering, prefetc hing, etc. Some

of these are only adaptable in theory . F or instance, the

cac he size is largely determined b y tec hnology param-

eters and desired latency and can only b e adaptiv ely

decreased. This do es not mak e a lot of sense, except

p ossibly as a mec hanism to reduce its latency and, as a

result, increase the pro cessor clo c k rate whic h the cac he

largely determines, as prop osed in [1 ]. W rite p olicy can

b e switc hed b et w een write-through and write-bac k, in

fact the In tel P en tium
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arc hitecture [7 ] already al-

lo ws this on a p er-page basis but not automatically .

Ho w ev er, the parameter that is lik ely to deliv er a sig-

ni�can t p erformance impro v em en t while b eing feasible

to implemen t adaptiv ely is the cac he line size. This pa-

p er in tro duces a cac he design with a hardw are-adaptiv e

line size. T o our kno wledge, suc h an organization has

not b een previously explored.

An automatic hardw are adaptiv e system needs to

monitor system b eha vior and p erformance and mo dify

the hardw are con�guration based on the observ ed b e-

ha vior. W e c hose to use past b eha vior to predict the

future hardw are con�guration for a giv en program and

adapt the con�guration accordingly . In general, the ar-

c hitecture for adaptivit y requires the follo wing capabil-

ities:

� An abilit y to mo dify hardw are parameters dynam-

ically

� An abilit y to monitor p erformance as a function

of program execution and collect statistics

� An adaptivit y algorithm that monitors the statis-

tics and decides when and ho w to c hange the hard-

w are con�guration.

The goal of this researc h w as to in v estigate the p oten-

tial of suc h an L1 cac he arc hitecture, ev aluate its p er-

formance and design, and study alternativ es. An ad-

ditional requiremen t w as to seek an arc hitecture that

did not ha v e a signi�can t hardw are o v erhead and did

not a�ect the system clo c k rate. Suc h an arc hitecture

is presen ted here and its p erformance ev aluated using

execution-driv en sim ulation of sev eral standard b enc h-

marks and compared with a non-adaptiv e cac he.

The rest of this pap er is organized as follo ws. A

general system arc hitecture, b enc hmarks used, and the

sim ulation en vironmen t are presen ted �rst. Cac he b e-

ha vior for non-adaptiv e system is sho wn next supp ort-

ing the claim for the need to use adaptivit y . A cac he

arc hitecture with adaptiv e cac he line size is describ ed

next, follo w ed b y the adaptivit y algorithm and its v ar-

ious design alternativ es. Lastly , the p erformance ev al-

uation of the adaptiv e system is presen ted follo w ed b y

conclusions.

2 Exp erimental Metho dology

The b enc hmark c hoice for p erformance ev aluation con-

sists of selected SPEC92 and SPEC95 in teger and 
oating-

p oin t co des and an additional 
oating-p oin t co de, AR C3D.

The b enc hmark description and some execution statis-

tics are sho wn in T able 1. Except for GCC and AR C3D,

a complete b enc hmark is executed, traced, and sim u-

lated. F or GCC only subroutine CC1 and for AR C3D

only subroutine STEP are traced and sim ulated but

these accoun t for most of the execution time. The four

SPEC95 co des w ere sim ulated for the �rst 500M refer-

ences only . AR C3D w as c hosen b ecause it has a sig-

ni�can t fraction of memory accesses with long strides.



Program Input Instr Memory

Name (M) (M)

GCC stm t.i 88 31

SC loada1 862.6 128.6

LI li-input.lsp 10,145 5,367

FPPPP natoms 1335.1 672.6

AR C3D - 64.2 24.2

APSI apsi.in 1324.1 500

IJPEG sp ecm un.ppm 1718.5 500

PERL scrabbl.pl 1264.9 500

W A VE w a v e5.in 1481.8 500

T able 1: Benc hmark Characteristics

Inputs for SPEC co des used are also listed in the ta-

ble. The b enc hmarks w ere compiled on an SGI system

for an R4000 pro cessor using MIPSPro compilers with

the follo wing 
ags: -n32 (MIPS-I I I instruction set, 32b

executable) and -O2 
ag. They w ere used for execution-

driv en cac he and memory sim ulation of the arc hitecture

describ ed in this pap er. The cac he sim ulator w as in-

v ok ed and driv en via MINT-3 [V eF o94] whic h mo dels a

single-issue, statically-sc heduled pro cessor.

A system arc hitecture used in this study consists of

a pro cessor, the L1 cac he with adaptiv e line size, and

memory . W e are not mo deling the execution timing

in this study and therefore the pro cessor instruction

timing, lac k of an L2 cac he, blo c king L1 cac he b eha vior,

etc. are orthogonal to the study . Giv en the b enc hmarks

used and curren t pro cessor implem en tations, a 16KB

cac he is studied. The cac he is direct-mapp ed and uses

a write-bac k p olicy . The line sizes ranges from 8 to 256

b ytes.

Primary p erformance metrics used in the pap er are

a cac he miss rate and a memory-to-L1 data fetc h tra�c

v olume, either a v eraged o v er the execution of a program

or sho wn in the time domain. In the latter case, eac h

data v alue corresp onds to an a v erage b eha vior during a

�xed in terv al of N memory references. N is c hosen for

presen tation purp oses only to mak e data graphs read-

able. The t w o main metrics are augmen ted with statis-

tics sp eci�c to line size adaptivit y .

3 Lack of "Optimal" Cache Line size

It has b een sho wn in the past that an optimal line size,

the size pro ducing minim al miss rate, v aries from b enc h-

mark to b enc hmark. T o demonstrate this for our b enc h-

mark suite and supp ort the claimed need for adaptiv-

it y , a 16K cac he with a �xed line size ranging from 8 to

256Bytes is sim ulated. Similar results for SPEC95 ha v e

b een sho wn in [9]. F or eac h b enc hmark, the "optimal"

miss rate w as determined and a normalized miss rate

Figure 1: Normalized miss rate di�erence �

M

di�erence �

M

w as computed for all p ossible line sizes

as

�

M

=

M
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� M

opt

M
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The normalized miss rate di�erence for all b enc hmarks

is sho wn in Figure 3. A missing bar indicates a 0%

di�erence and corresp onds to the optimal line size.

The results sho w that there is no single, "optimal"

line size for all b enc hmarks. In fact, an optim um ma y

ev en b e outside the range of line sizes c hosen for the

study . The loss of p erformance compared to "optimal"

can b e signi�can t. Consider a 32Byte line t ypical of

to da y's pro cessors, suc h as P en tium or DEC Alpha. A

large miss rate reduction is p ossible in this case: 100%

for SC and 25% for FPPPP , PERL, and W A VE.

Figure 2: Distribution of optimal line size in "time"

Next, consider the in tra-b enc hmark cac he b eha vior.

In eac h in terv al of 100K memory references a line size

resulting in minim al miss rate is determined. Figure 2

sho ws the resulting distribution of optimal sizes in the

"time-domai n" for GCC. As can b e seen in the �gure,

no single "optimal" line size exists within a b enc hmark

as w ell. The optimal size is 32B in appro ximately half



of the in terv als, but it is 16B ab out 15% of the time

and 64B appro ximately 30% of the time. Ev en 128B

line is optimal a fraction of the time. Results for other

b enc hmarks are not sho wn for lac k of space, but their

b eha vior is similar and strongly supp orts the need for

adaptivit y within a b enc hmark.

4 A Cache Organization with Adaptive Line Size

Giv en the need and p ossible p erformance adv an tages of

adapting the cac he line size, an arc hitecture that can

supp ort the adaptivit y is describ ed next. The arc hitec-

ture has man y parameters that can signi�can tly in
u-

ence p erformance. Our a-priori concerns w ere an in-

crease in tag lo okup time and the memory bandwidth

and th us our c hoices describ ed b elo w are primarily in-


uenced b y the desire to k eep these lo w.

As in the case of cac he size, the line size is a built-

in hardw are parameter. It determines the RAM size

used and the data path width, b oth of whic h are opti-

mized for some �xed line size. Th us it cannot b e "re-

con�gured" in a standard sense as this w ould require

c hanging the width of RAM blo c ks or redundancy and

m ultiplexing. Instead, our approac h is to ha v e a cac he

with a small, "ph ysical line, sa y 8Bytes (1 w ord), but to

fetc h and replace a v ariable n um b er of w ords sim ultane-

ously as a "virtual line". The MIPS R3000 arc hitecture

[11 ] had a cac he implem en tation with suc h a v ariable-

size line, but the line size could only b e set at hardw are

reset or p o w er-up. A similar underlying hardw are ar-

c hitecture is assumed, but allo wing the line size to b e

c hanged dynamically for eac h (virtual) line in the L1

cac he.

The issues to b e resolv ed in the design of suc h a

cac he are:

� when to c hange the size

� ho w to c hange it

� what information to k eep and where

� statistics needed to mak e the c hange decision

W e prop ose to c hange the size on line replacemen t

and either reduce or increase the size as follo ws:

� reduce the size if some fetc hed w ords w ere un used

� increase the size if an "adjacen t" line w as presen t

in the cac he. The "adjacen t" line is a line of the

same size that w ould b e part of a larger-size line.

T o mak e the decision, the virtual line usage statistics

will b e k ept while it is in the L1 cac he. Th us they

re
ect the line b eha vior from a latest miss fetc h to the

subsequen t replacemen t. In particular, for eac h w ord in

the line, its usage will b e monitored with a coun ter while

in the cac he. An additional bit monitors the presence of

the adjacen t line during the line's residence in the cac he.

On line replacemen t, the statistics are used to decide

what the line size should b e next time it is fetc hed.

The c hange can only b e 2 x or 1 = 2 x of the curren t size

in this pap er.

This approac h th us requires an additional memory

to k eep the statistics for eac h line. In memory w e need:

� curren t virtual line size - log2 L, where L is the

n um b er of line sizes used

� a coun ter for trac king the rate of c hange

Eac h "ph ysical" line, e. g. eac h 8B w ord, in the

cac he needs the follo wing items added to the standard

tag:

� curren t virtual line size

� "adjacen t" bit

� the usage coun ter

One concern is the e�ect on system clo c k and an y

additional dela ys caused b y adaptivit y . Our approac h

minim izes these e�ects b y adjusting the line size on re-

placemen t only . Th us the tag lo ok up is not a�ected and

can still b e done in under a single clo c k cycle. There-

fore, hit access time is not a�ected. Miss access time is

a di�eren t story and will dep end on ho w w e use the line

size information from memory . Finally , an additional

memory tra�c is generated on replacing a clean line

when its size c hanges b ecause it needs to b e up dated in

memory . The e�ect of this on total memory tra�c is

sho wn later in the pap er.

Finally , an initial or default virtual line size needs to

b e de�ned for cold starts. This line size can p oten tially

ha v e an e�ect on p erformance, but it should not b e a

signi�can t one as it is only used on cold starts. Ho w ev er,

as with some of the other c hoices w e made in designing

this arc hitecture, it p ossible to set the initial line size

p er b enc hmark with compiler's help. It is also p ossible

to rely more hea vily on the default size to eliminate

the need to up date the size in memory more frequen tly .

W e will not pursue these issues further in the pap er,

ho w ev er.

4.1 Line Size Adaptivit y Algo rithm

The algorithm and some of the alternativ es p ossible in

its design are discussed next. It is assumed that a tag is

asso ciated with eac h 8B w ord in cac he and the mapping

function to �nd the addressed w ord is a standard one.

The curren t line size (3bits), the adjacen t bit, and the

saturating use coun ter (2 bits) are added to eac h tag.

The line size can range from 8B to 256B and can only

b e increased/decreased b y a factor of t w o. None of the

ab o v e has an e�ect on the tag lo okup and th us the hit

case is not discussed here.



Giv en cac he miss address A ddr

1. Lo okup cac he tag at A ddr

Returns l

2

: line size of en try e

2

at A ddr

2. Start miss fetc h for line e

1

at A ddr and its size l

1

3. If l

1

� l

2

Then

4. F or eac h line e

i

to b e replaced Do

5. Get an en try e

i

for this line and it length l

i

6. P erform line size analysis( e

i

, l

i

)

7. If size c hanges or line is mo di�ed Then

8. W rite bac k to memory End

End

9. Else /*decide on the next size for line: */

10. decrease line size request ( e

2

)

End

11. If adjacen t cac he line of same size is presen t Then

12. Set adjac ent bit for e

1

and its adjacen t line

End

Figure 3: The adaptivit y algorithm

The algorithm sho wn in Figure 3 follo ws the general

outline of the discussion ab o v e. It starts b y issuing the

miss fetc h request. The line size is not kno wn un til

the data arriv es. During the miss fetc h one can read

and store in a bu�er of maxim um line size the line(s)

whic h will b e replaced and complete the replacemen t

pro cess when the miss fetc h data arriv es. The actions

tak en at line replacemen t are discussed b elo w. Sev eral

alternativ es in the design of the algorithm are sho wn

and explained in the text b elo w.

A problem not presen t in the �xed-size case is re-

placemen t when the size of the miss line is di�eren t

from the size of a line(s) to b e replaced. Di�eren t line

size recon�guration decisions are made dep ending on

the relationship b et w een the miss line and the replaced

line sizes. One or more lines ma y b e replaced, if the

incoming line size is larger than or equal to the existing

line size. Ev ery cac he line to b e replaced is analyzed

and its next line size selected using a line size analysis

algorithm sho wn in Figure 4. When the miss line size is

smaller than the line b eing replaced, there is a c hoice of

replacing the en tire existing line or replacing only half

of it and lea ving the other half in the cac he. In the for-

mer case, cac he under-utilization ma y o ccur since half

of the cac he en try ma y remain un used. In the latter

case, half of the existing line sta ys in the cac he but a

c hange in the line size o ccurs not based on the line's

b eha vior. The latter approac h is used in the algorithm

(line 10) to conserv e the memory bandwidth.

The line size analysis algorithm (Figure 4) consists

Input: line e of size l (w ords w

0

... w

l � 1

)

1. If all of the w ords w

0

:::w

l= 2 � 1

OR

all of the w

l= 2

:::w

l � 1

are not used Then

2. decrease line size request( e )

3. If the adjacen t line is in the cac he Then

4. Reset its adjacen t bit

End

5. Elseif adjacen t bit is set AND

6. adjacen t cac he line is not in cac he AND

7. most of the en tries ha v e lo w usage

Then

8. increase line size request( e )

End

Figure 4: Next line size analysis algorithm

of t w o parts. First, the w ord usage in eac h half of the

line is c hec k ed. The future line size is c hanged to 1/2x,

if one of the halv es is not used and the adjacen t line

is reset not to gro w if it is in the cac he. Otherwise,

if the adjacen t line has b een presen t in the cac he at

some p oin t then line size needs to b e increased. If the

adjacen t line is in the cac he the increase action can b e

dela y ed un til its replacemen t. If not, giv en a lo w usage

of the w ords in the line its size is increased to 2X. This

last c hec k is made in an attempt to reduce frequen t line

size c hanges if the miss rate on the line is already high.

The actual test is "if 50% of the w ord usage coun ters

are � 2".

Finally , there are sev eral alternativ es as to when

the actual increase or decrease in the line size o ccurs.

It do es not ha v e to o ccur immediately when one of

the t w o functions, de cr e ase line size r e quest(e) or in-

cr e ase line size r e quest(e) , is in v ok ed. This decision

has an e�ect on p erformance. Sev eral p ossible c hoices

are describ ed next, but other p ossibilities exist as w ell.

� Change the line size immediately (direct). Line

size adapts fast, but thrashing ma y o ccur.

� Change the line size only after N consecutiv e in-

crease or decrease requests to prev en t thrashing.

An up-do wn coun ter or a �nite-state mac hine can

b e used to implem en t this with the state stored in

memory .

� Increase the line size immedia tely but decrease the

line size only after N consecutiv e decrease requests

(inc-fast). This alternativ e w orks b etter than the

previous t w o. Line size is increased imm ediately

to exploit spatial lo calit y and dela y ed line size de-

crease can prev en t loss of spatial lo calit y from ran-



dom ev en ts suc h as con
ict misses. A dra wbac k of

this alternativ e is an increase in bandwidth due to

dela y in line size decrease.

� Similarl y , a decr-fast algorithm can b e de�ned whic h

decreases the line size immediately , while increas-

ing the size after N consecutiv e increase requests.

� Apply the inc-fast for a small line size and the decr-

fast mec hanism for the large line size (partial-fast).

The last alternativ e w as found to b e the most e�ec-

tiv e in bandwidth reduction. The p erformance results

presen ted in the next section w ere obtained using the

partial-fast mec hanism with N=2.

5 P erfo rmance Evaluation

Figure 5: Miss rate vs initial adaptiv e line size

Let us start b y presen ting the miss rates for the

adaptiv e case as a function of initial line size. The re-

sults sho wn in Figure 5 clearly demonstrate the adap-

tivit y w orking: the miss rates are almost indep enden t

of the initial line size. The miss rate for eac h b enc h-

mark do es not ha v e a distinct minim um as in the case

of �xed-size lines. This indicates that the initial adap-

tiv e line size selection is not imp ortan t, although the

smallest size should, p erhaps, b e a v oided (more on this

b elo w).

The miss rate is not alw a ys impro v ed b y adaptivit y ,

ho w ev er. Figure 6 sho ws the miss rate for 32B �xed, op-

timal �xed, and 256B adaptiv e line sizes. In GCC and

PERL the miss rate is lo w er than in the optimal �xed

case. In LI and AR C3D it is sligh tly w orse, while other

b enc hmarks ha v e a miss rate noticeably w orse than op-

timal.

The reason lies in the nature of the (partial-fast)

algorithm used. It is trying to a v oid thrashing and pre-

v en t frequen t line size increase. The w orst results in the

Figure 6: Miss rate

adaptiv e case are obtained for W A VE, APSI, and SC:

b enc hmarks whic h in the �xed case ac hiev e b est p er-

formance with a 256B line. T o in v estigate the e�ect,

the inc-fast algorithm w as used instead, whic h gro ws

the line size immedia tely but decreases it slo wly . The

p erformance of some b enc hmarks b ecame comparable

to the �xed case, others impro v ed, although not su�-

cien tly .
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Figure 7: Av erage line size for adaptiv e organization

T o understand the reasons for the b eha vior of the

adaptiv e cac he under the part-fast algorithm, the a v-

erage line size observ ed during program execution is

sho wn Figure 7. The a v erage line size is b et w een 10

and 20Bytes. Ov erall, the optimal line size is also 
at

vis a vis the initial line size for all b enc hmarks. This is

another indication that the adaptivit y is w orking w ell.

Still, one w ould exp ect the a v erage line size for b enc h-

marks suc h as SC and FPPPP to b ecome larger with

adaptivit y since larger �xed size line ha v e lo w er miss



rate. It do es not happ en primarily for t w o reasons: the

forced decrease in the line size when a shorter line is

miss fetc hed and a limited de�nition of adaptivit y and

allo w ed line gro wth.
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Figure 8: % misses pro ducing line size c hange in GCC

While the a v erage line size ma y b e relativ ely con-

stan t with adaptivit y , it do es not mean that size c hange

is infrequen t or that the line size is appro ximately the

same throughout program execution. Figure 8 sho ws

the frequency of line size c hange during the execution of

GCC. It is measured as a fraction of miss fetc hes result-

ing in replacemen t with a size c hange. The adjustmen t

is frequen t, with o v er 20% of all the lines replaced, ei-

ther increasing or decreasing on replacemen t. As can b e

exp ected, the relativ e n um b er of increases vs decreases

c hanges with the initial virtual line size.
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Figure 9: F etc h tra�c ratio R

l

T

to same-size �xed case

The last p erformance metric presen ted is a normal-

ized memory fetc h tra�c ratio, R

l

T

, for eac h line size l .

It is de�ned as

R

l

T

=

T

l

adapt:

T

l

f ixed

� 100%

R

l

T

is sho wn in Figure 9. As should b e clear from the

ab o v e discussion, it w as of great concern to us and in
u-

enced our adaptiv e algorithm design a great deal. The

cac he to memory "tra�c" coun ts the total n um b er of

data b ytes mo v ed b y miss fetc hes. The e�ect of adap-

tivit y is v ery pronounced, it automatically reduces the

utilization of the memory in terface, one of the critical

memory hierarc h y resources.

The tra�c is signi�can tly reduced for all initial line

sizes, except 8B. F or the 8Byte case, adaptiv e organi-

zation actually ends up using a larger line size and th us

generates more tra�c. In general, starting at 32B ini-

tial line size, the total tra�c is, on a v erage, close to 1 = 2

of the tra�c for the same �xed-size case. The results

are not en tirely surprising giv en the a v erage line size

observ ed for v arious co des (see Figure 7).
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Figure 10: F etc h tra�c ratio R

32

T

to 32B �xed case

Next, consider the memory tra�c for eac h initial

adaptiv e line size o v er a 32B �xed case, R

32

T

, sho wn in

Figure 10. The tra�c is quite 
at for all b enc hmarks.

Except for one b enc hmark, IJPEG, the decrease is in

excess of 50% o v er the widely-used 32B line size.

Another view of the memory tra�c reduction for

32B adaptiv e line size is sho wn in Figures 11 and 12

for AR C3D and GCC, resp ectiv ely . The tra�c c hanges

signi�can tly within an application as w ell. The tra�c

ratio to the 32B �xed line is computed and presen ted

for eac h time in terv al (100K memory references). The

decrease can b e in excess of 50% o v er a signi�can t p or-

tion of application's execution time. Large v ariations

are also observ ed from one in terv al to another in GCC,

sho wing the adaptivit y adjustmen t to o ccur fast enough

to mak e an "instan taneous" e�ect.
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6 Discussion

Design c hoices for cac hes with adaptiv e line size w ere al-

ready discussed in v arious earlier sections. This section

re-examines some of them in ligh t of the p erformance

results obtained. The o v erall system arc hitecture is re-

visited to discuss the e�ect of ha ving an L2 cac he.

Let's start with the question of hardw are o v erheads.

Muc h of the o v erall adaptivit y design w as in
uenced

b y hardw are c hoices to k eep it implemen tabl e. The t w o

main sources of o v erhead in the cac he itself are use coun-

ters and extra address bits in the tag due the "ph ysi-

cal" line size of 8B. The use coun ters sim ulated in this

study are only 2 bits. Ho w ev er, it app ears that they

ma y not b e really needed and a single "use" bit w ould

w ork equally w ell. The o v erhead of extra tag address

bits is higher. Ho w ev er, it can b e signi�can tly reduced

b y setting the minima l line size to b e 16B. This is quan-

ti�ed in the next section. Finally , the curren t line size

stored in eac h ph ysical line can b e reduced to 1 bit b y

marking just the start of eac h new line.

An imp ortan t issue related to the timing is ho w the

replacemen t is done once the miss fetc h is completed. If

one w aits to kno w the incoming line size, then the cac he

will b e busy reading out and p ossibly writing bac k the

replaced line(s) after the fetc h is completed. Ignoring

the exp ensiv e, brute-force approac h of m ulti-p orting the

cac he, one can use a replacemen t bu�er of the size equal

to maxim um allo w ed line size. It can b e �lled from

the cac he during the miss fetc h assuming the maxim um

size line is b eing replaced. Up on completion of the miss

fetc h and determination of precisely whic h lines need

to b e replaced, the replacemen t can pro ceed from the

replacemen t bu�er. This largely eliminates the need to

access the cac he except for setting some of the adjacen t

bits. Those can lik ely b e placed in a separate register(s)

rather than the tag itself to eliminate the need for this

extra access to the cac he.

Ov erheads in the memory are harder to reduce b e-

y ond what is suggested ab o v e for the cac he. The pri-

mary concern in memory is, p erhaps, the additional

accesses needed to just adjust the size. They do not

app ear to b e n umerous enough but further in v estiga-

tion is required. Ov erall, giv en the pro jected capacit y

of DRAM c hips in the next few y ears, the size should

not b e a source for concern.

The arc hitecture used in this study did not ha v e an

L2 cac he. An in teresting question is ho w to use adap-

tivit y in the L1 cac he in the presence of the L2 cac he,

not to men tion the question of using adaptivit y in the

L2 itself. W e feel that adaptivit y w ould b e less e�ec-

tiv e in L2 giv en the t ypically v ery lo w L2 miss rates

for standard b enc hmarks [HeP a96]. But it ma y b e that

it can allo w a smaller L2 cac he with adaptivit y to ha v e

the same p erformance as a larger, standard cac he. Also,

for co des that cannot �t in to the L2 cac he the approac h

ma y b e w orth while.

Regardless of the adaptivit y in the L2 cac he, the L2

can b e used to k eep the L1 line size instead of using the

memory . In fact, this ma y allo w one to forgo k eeping

an y additional information in memory and start with

the default or a v erage size whenev er an L2 miss w ould

o ccur. As men tioned ab o v e, the b est initial line size

c hoice app ears to b e one of the large line sizes. The

e�ect of p erio dically re-starting with a default v alue is

probably not signi�can t.

The e�ect of adjusting the algorithm in Figure 3, line

10, to forgo the line size decrease when the incoming line

is smaller app ears small. Our preliminary results sho w

that this leads to increased memory tra�c without a

noticeable impro v emen t in miss rates.

Finally , let us compare and di�eren tiate our w ork

with [KuWi98]. Their idea w as to use a large, �xed-size

line but only fetc h w ords predicted to b e used. They



fetc h a v ariable set of w ords in a 128B line, based on

whic h w ords w ere used on a previous fetc h. A predictor

similar to 2-lev el branc h history predictors [Y eP a91] is

used to record w ord usage. One w a y to compare this

with our approac h is to sa y that w e allo w a v ariable

size line and predict the size of a line rather than whic h

w ords are used in a large, �xed-size line. Our "predic-

tor" is simpler and requires v ery little hardw are. It also

incurs no lo okup dela y b efore a miss fetc h can b e is-

sued. Finally , w e fetc h a standard, con tiguous line from

DRAM's, not a random set of w ords.

W e b eliev e that our approac h is more e�cien t in

a v oiding con
icts and k eeping more distinct lines in the

cac he. This is imp ortan t when asso ciativit y and size are

small. P ossible impro v em en ts to the algorithm used so

far can lead to further p erformance increases if the miss

rate rather than the tra�c reduction is targeted.

7 P ossible Imp rovements

Figure 13: Miss rate di�erence � M

16

8

: tag p er 8B vs

16B

First, let us consider the p erformance of an adaptiv e

cac he with a 16B "ph ysical" line. The adv an tage of this

organization is reduced cac he tag o v erhead. The miss

rate di�erence, � M

16

8

, for 256B adaptiv e line and 8B

and 16B "ph ysical" line sizes is computed as follo ws:

� M

16

8

=

M

16

256

� M

8

256

M

8

256

� 100%

� M

16

8

for the 256B adaptiv e line are sho wn in Fig-

ure 13. They clearly demonstrate that the p erformance

is impro v ed when using a longer tagged line, except for

one b enc hmark. The relativ e di�erence can b e signi�-

can t, up to 38%, with the a v erage o v er 20%.

The tra�c c hange due to the increase in the mini-

mal line size/transfer unit from 8B to 16B is sho wn in

Figure 14 as the relativ e tra�c di�erence, � T

16

8

:

� T

16

8

=

T

16

256

� T

8

256

T

8

256

� 100%

The tra�c is increased indicating that our algorithm

often reduces the line size to its minim um . The rela-

tiv e di�erence can b e signi�can t, although under 50%,

and, giv en the impro v emen t in miss rate ma y b e toler-

ated. The 80% increase is in PERL, whic h also su�ers

increased miss rate.

Figure 14: T ra�c di�erence � T

16

8

: tag p er 8B vs 16B

As men tioned ab o v e, other mo di�cations to the algo-

rithm can further impro v e the miss rate. Three sp eci�c

c hanges w ere made whic h are brie
y summarized next.

First, an adjacen t line can b e of equal or smaller size.

In the latter case it can b e lo cated an ywhere in the ad-

jacen t "half". Second, a test to increase a line size has

a higher priorit y than a test to decrease the line size.

These c hanges increase the c hances to disco v er adjacen t

lines and double the line size. Lastly , when an incoming

line is smaller than an existing line in the cac he, only

the exact part of the existing line to b e o ccupied b y the

incoming line is replaced. Multiple "sub-lines" of a re-

placed line can th us remain in the cac he increasing its

utilization and reducing con
ict misses. Using a 256B

initial line size for the adaptiv e case, Figure 15 sho ws

the di�erence � M

new

f ixed opt

b et w een the miss rate of the

new algorithm and the optimal miss rate of �xed line

size cac he:

� M

new

f ixed opt

=

M

new

� M

f ixed opt

M

f ixed opt

� 100%

F or all but one b enc hmark, the new algorithm ac hiev es

a b etter miss rate than the optimal �xed line size.

8 Conclusion

This pap er presen ted a cac he design in whic h the line

size adjusts dynamically based on application b eha vior.

A hardw are algorithm to ac hiev e this is based on moni-

toring the access to a giv en line and c hanging the future



Figure 15: Miss rate di�erence � M

new

f ixed opt

line size accordingly . The size adjustmen t is computed

during line replacemen t based on what w as observ ed

during the line's curren t sta y in the cac he. The size is

k ept in memory and tak es e�ect on future fetc hes.

The p erformance results sho w that with adaptiv-

it y the miss rates are largely indep enden t of the ini-

tial line size. The miss rate is impro v ed in some of

the b enc hmarks ev en o v er the optimal for the �xed size

case. More imp ortan tly , the amoun t of memory tra�c

is signi�can tly decreased in all b enc hmarks compared

to �xed size case (except for 8B line). The tra�c de-

creases b y o v er 50% for an initial line size of 32B and

ev en more for larger line size. The b est strategy for ap-

plying adaptivit y is to use a large initial line size and

ha v e the adaptivit y decrease it as needed.

The results clearly sho w the feasibilit y of the adap-

tiv e approac h. Hardw are requiremen ts of the approac h

are mo dest and can b e further impro v ed b y increasing

the ph ysical line size. This also leads to signi�can t im-

pro v emen t in miss rates, but the tra�c increases as w ell.

Miss rates can b e impro v ed o v er the optimal �xed case

when tra�c is not a concern.
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