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Abstract

This paper presents a new method for detecting regions of a
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observing where actual measured execution time differs from the
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1 Introduction

Many modern computer ar chit ect ur es i nc ludi ng cache-bas ed uni pr oces s or s
and mos t s har ed memor y mul t i pr oces s or s pr es ent t he pr ogr ammer wi t h a
(decept i ve) uni formacces s model of memor y. RISC ar chi t ect ur es f or exampl e
pr ovi de s i mpl e l oad and s t or e i ns t r uct i ons t o r epr es ent memor y oper at i ons .
I n pr act i ce , however , t he l oad i ns t r uct i on may i nvol ve acces s i ng on- chi p cache
whi ch i s backed by a s econd l eve l cache of s t at i c RAMwhi ch i s backed by
mai n memor y. The t i me di �er ence between a hi t i n t he �r s t l eve l cache and
a mi s s t o mai n memor y can be one t o two or der s of magni t ude ( s ee Tabl e 1) .

Pr ogr ammer s s eeki ng t o i mpr ove per f ormance s omet i mes �nd i t us ef ul t o
opt i mi ze an al gor i t hmwi t h r es pect t o a par t i cul ar memor y hi er ar chy. St udi es
l i ke [1], [ 2] , [ 7] and [ 8] have r epor t ed s peed- ups of 100% and mor e owi ng t o
i mpr oved cache per f ormance when nes t ed l oops ar e r eor der ed and mat r i x
al gor i t hms ar e bl ocked. To make us e of s uch t echni ques , t he us er mus t
know wher e memor y bot t l enecks l i e and when a t r ans f ormat i on i mpr oves
per f ormance.

Two t echni ques ar e t ypi cal l y empl oyed t o i s ol at e memor y bot t l enecks .
The l eas t t i me cons umi ng appr oach i s t o s t at i cal l y anal yze a pr ogr am, us -
i ng dependency anal ys i s t o i dent i f y howmany i t ems wi l l be i n cache af t er a
cer t ai n number of i t er at i ons of a l oop [ 3, 6] . Such t echni ques ar e i mpor t ant
becaus e t hey ar e pot ent i al l y f as t enough t o i ncor por at e i nt o compi l er s t o
aut omat i cal l y manage t r ans f ormat i ons . However , t he s t at i c t echni ques r e l y
on t he s i mpl e s t r uct ur e of bot h t he l oop and t he memor y s ys t emt o per f orm
t hei r anal ys es . The appr oxi mat e nat ur e of anal yt i c t echni ques and t he i n-

Mi s s Penal ty ( cyc l es )
Machi ne Pr i mar y Secondar y Remot e
DEC3100 6 { {
DEC5000 10 { {
SGI ( 4 node) 14 40 {
MI PS 6280 2- 4 50 {
St anf or d DASH 14 28 103- 136

Tabl e 1: Memor y Hi er ar chy Penal t i es
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cr eas i ng compl exi t y of t he memor y hi er ar chi es t hey at t empt t o model make
t hemi nappr opr i at e as a compl et e per f ormance debuggi ng s ol ut i on.

At t he oppos i t e end of t he s pect r um, t her e ar e t r ace dr i ven s i mul at or s
whi ch s i mul at e t he execut i on of ever y memor y r ef er ence i n a pr ogr am. Thes e
s i mul at i ons can model t he ent i r e memor y hi er ar chy and pr oduce acces s t i me
es t i mat es f or ever y var i abl e r e f er ence i n a pr ogr am. The obvi ous dr awback of
s i mul at i on i s i t s cos t ; f or l ar ge pr ogr ams , s i mul at i on may be qui t e expens i ve .
Al s o, i t i s non- t r i vi al t o cor r ect l y model a compl i cat ed memor y hi er ar chy,
par t i cul ar l y when mul t i pr ogr ammi ng or mul t i pr oces s i ng i s i nvol ved.

Our t echni que s t r i kes a bal ance between t he expens e of s i mul at i on and
t he i naccur acy of s t at i c anal ys i s . Our key obs er vat i on i s t hat i f we as s ume
memor y acces s t i me i s uni f ormt hen, at l eas t f or s i mpl er ar chi t ect ur es , i t i s
r e l at i ve l y cheap t o cor r ect l y es t i mat e t he CPU execut i on t i me of a pr ogr am.
By compar i ng t hi s uni f ormacces s model es t i mat e wi t h act ual obs er ved exe-
cut i on t i me, we can i s ol at e r egi ons i n a pr ogr amwher e t he memor y hi er ar chy
per f orms poor l y.

The next s ect i on di s cus s es t he met hod f or es t i mat i ng execut i on t i me as -
s umi ng cons t ant memor y acces s t i me. Sect i on 3 des cr i bes how t o us e t he
es t i mat e t o i s ol at e memor y bot t l enecks . Sect i on 4 pr es ent s a memor y bot -
t l eneck t ool i mpl ement at i on, MTOOL, whi ch r uns on t he DECs t at i on 3100
and 5000. Sect i on 5 pr ovi des exampl es of MTOOL's us er i nt er f ace . Sect i on 6
r epor t s r es ul t s when t he t ool i s r un on t he Per f ect Cl ub benchmar ks and s c i -
ent i �c benchmar ks i n t he SPECs et . Fi nal l y, s ect i on 7 gi ves s ome concl us i ons
about t he br eadt h of appl i cabi l i t y of our t echni que and s ugges t s di r ect i ons
f or f ut ur e r es ear ch.

2 Estimating ExecutionTime

Cons i der a comput er wher e al l i ns t r uct i on s chedul i ng i s handl ed by s of twar e
( i . e . , no har dwar e i nt er l ocks ) and wher e each i ns t r uct i on ( i nc l udi ng memor y
acces s i ns t r uct i ons ) has a known, �xed execut i on t i me. For s uch a comput er ,
we can det ermi ne t he execut i on t i me of a pr ogr amgi ven i ns t r uct i on execut i on
count s us i ng t he f ormul a,

execution t ime = (# of t imes i th i nst ruct i on executes) *
(t ime per execut i on of i nst ruct i on i )
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Let us t r y t o appl y a s i mi l ar t echni que t o a RI SC ar chi t ect ur e . Fi r s t we
di vi de t he pr ogr ami nt o bas i c bl ocks . Abas i c bl ock i s a gr oup of i ns t r uct i ons
wi t h a uni que ent r y poi nt s uch t hat when t he ent r y i ns t r uct i on execut es , al l
ot her i ns t r uct i ons i n t he bas i c bl ock wi l l execut e . I t i s pos s i bl e t o i dent i f y al l
bas i c bl ocks i n mos t execut abl e pr ogr ams by exami ni ng br anch i ns t r uct i on
des t i nat i ons and i ndi r ect jump t abl es . Af t er det ermi ni ng t he bas i c bl ocks , we
i ns t r ument t he execut abl e �l e by pr ecedi ng each bl ock wi t h code t o i ncr ement
a count er . Runni ng t he i ns t r ument ed pr ogr ampr oduces a t abl e of bas i c bl ock
count s . Adi s cus s i on of met hods f or i ns t r ument i ng compi l ed code i s pr ovi ded
i n t he Appendi x.

Us i ng t he count s and our knowl edge of when har dwar e i nt er l ocks ar e
t r i gger ed, we can es t i mat e howl ong each bas i c bl ock execut es . Our es t i mat es
wi l l have two s hor t comi ngs :

1. Memor y acces s i ns t r uct i ons do not execut e i n cons t ant t i me.

2. Ther e may be har dwar e i nt er l ocks acr os s bas i c bl ock boundar i es .

The �r s t s hor t comi ng i s act ual l y t he f eat ur e on whi ch our bot t l eneck
det ect i on t echni que i s bas ed. We as s ume al l memor y acces s es t ake t he mi ni -
mumpos s i bl e t i me ( t ypi cal l y t he t i me f or a pr i mar y cache hi t ) and when our
pr edi ct i on di s agr ees wi t h meas ur ed execut i on t i me we r epor t a bot t l eneck.

The s econd weaknes s i s not a pr obl emf or many RI SC ar chi t ect ur es be-
caus e t her e ar e f ew har dwar e i nt er l ocks and t hes e i nt er l ocks r ar e l y cr os s
bas i c bl ock boundar i es . On t he MI PS pr oces s or wher e our exper i ment s wer e
per f ormed, t he i nt er - bl ock i nt er l ocks wer e negl i gi bl e i n r eal code. I f s uch
i nt er l ocks occur wi t h appr ec i abl e f r equency, t hey can be es t i mat ed by i n-
s t r ument i ng t o col l ect br anch f r equenci es as wel l as bas i c bl ock count s . The
br anch f r equenci es t e l l us how of t en one bas i c bl ock pr ecedes anot her and
we can i mpr ove our es t i mat e by i nc l udi ng i nt er l ocks between adj acent bas i c
bl ocks .

Thus , we have a t echni que f or es t i mat i ng execut i on t i me of a whol e pr o-
gr am. Mor eover , our met hod cos t s onl y one i ns t r ument ed pr ogr amexecut i on
r at her t han r equi r i ng a f ul l , expens i ve machi ne s i mul at i on. The t as k now i s
t o us e t hi s es t i mat i on t echni que t o i s ol at e bot t l enecks .
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3 Isolating Bottlenecks

I n t hi s s ect i on, we devel op a f r amewor k f or det ect i ng bot t l enecks by meas ur -
i ng di ver gence f r ompr edi ct ed behavi or . We begi n by f ormal i z i ng t he not i on
of meas ur i ng act ual t i me s pent i n a r egi on of code. Ameas ur abl e obj ect or
m-object i s a s et of i ns t r uct i ons i n whi ch we can i dent i f y al l ent r y and exi t
poi nt s . The obj ect i s meas ur abl e becaus e we can pl ace s t ar t t i mer and s t op
t i mer cal l s at t hes e ent r y and exi t poi nt s t o meas ur e t he t i me s pent i n t he
obj ect . For exampl e , we can t i me a pr ocedur e by pl ac i ng a start t imer cal l at
t he t op of t he pr ocedur e and stop t imer cal l s bef or e ever y return s t at ement .
Si mi l ar l y, we can t i me a l oop by pl ac i ng a start t imer above t he t op of t he
l oop and a stop t imer bel ow t he bot t omof t he l oop.

We s ay an m- obj ect i s t imable i f we can i ns t r ument t he pr ogr amt o mea-
s ur e t he t i me s pent wi t hi n t he obj ect . A t i mabl e obj ect mus t s at i s f y two
cr i t er i a:

1. The t ot al t i me s pent wi t hi n t he obj ect s ubs t ant i al l y exceeds t i mer gr an-
ul ar i t y.

2. The per t ur bat i on cr eat ed by t he t i mer i s not s i gni �cant .

The �r s t as pect of t i mabi l i t y i s r ar e l y a pr obl emas mos t s ys t ems pr ovi de at
l eas t a 1/60t h of a s econd t i mer , and m- obj ect s of i nt er es t t ypi cal l y execut e
f or s econds , mi nut es , or even hour s . The per t ur bat i on i s s ue i s mor e di �-
cul t . To avoi d changi ng memor y per f ormance, we r equi r e t hat t he number
of memor y oper at i ons per f ormed by t he m- obj ect s ubs t ant i al l y exceed t he
number per f ormed i n a cl ock t i mer cal l . I n addi t i on, t o avoi d appr ec i abl y
s l owi ng t he pr ogr amdown, we r equi r e t hat t he t i me s pent i n t he m- obj ect
s ubs t ant i al l y exceed t he t i me t o make a cl ock cal l .

Us i ng t he above cr i t er i a, we can i dent i f y r egi ons of t he pr ogr amwhos e
act ual execut i on t i mes can be meas ur ed. Thes e execut i on t i mes i nc l ude, how-
ever , not onl y t he wor k done i n an m- obj ect pr oper , but al s o t he wor k done
on behal f of t he obj ect by any pr ocedur es t hat i t cal l s . I n cont r as t , t he bas i c
bl ock count i ng es t i mat i on t echni que of t he pr evi ous s ect i on cal cul at es onl y
t he wor k done i n a bas i c bl ock; i t i gnor es t he t i me s pent i n pr ocedur e cal l s .
Fur t hermor e , whi l e we can es t i mat e t he t ot al t i me s pent i n a pr ocedur e q,
we cannot neces s ar i l y det ermi ne t he t i me s pent i n q on behal f of a par t i cul ar
cal l er . Thus , we cannot al ways es t i mat e t he t i me s pent i n and on behal f of an
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m- obj ect t hat cal l s q. We wi l l s ay t hat t he m- obj ect s whos e execut i on t i me
can be accur at e l y pr edi ct ed by bas i c - bl ock count i ng t echni ques ar e est imabl e.

To i dent i f y es t i mabl e m- obj ect s , we expl oi t i nf ormat i on about t he s t r uc-
t ur e of a pr ogr am' s cal l gr aph. I n a cal l gr aph, nodes r epr es ent pr ocedur es
and t her e i s a di r ect ed edge f r omnode v t o node w i f pr ocedur e v cal l s w
dur i ng t he execut i on of t he pr ogr am. The cal l gr aph has a di s t i ngui s hed
node, t he r oot , whi ch i s t he pr ocedur e wher e execut i on begi ns .

We s ay a node v domi nat es w i f ever y pat h t hr ough t he gr aph f r omt he
r oot t o w pas s es t hr ough v. The us ef ul as pect of t he cal l gr aph i s t hat a
node i s es t i mabl e i f i t domi nat es al l of i t s des cendant s . I nt ui t i ve l y, i f a node
v domi nat es w t hen al l t he wor k i n w i s done on behal f of v. Hence , i f a
node domi nat es al l of i t s chi l dr en, t hen t he es t i mat ed t i me f or t hat node
and i t s des cendant s i s j us t t he s umof each of t he i r es t i mat ed t i mes , i gnor i ng
pr ocedur e cal l s .

Thi s obs er vat i on s er ves as a wor ki ng de�ni t i on of es t i mabi l i t y. The de�-
ni t i on i mpl i es t hat bot h t he r oot of t he cal l gr aph, whi ch cor r es ponds t o t he
execut i on of t he whol e pr ogr am, and t he l eaves whi ch cor r es pond t o cal l - f r ee
pr ocedur es , ar e es t i mabl e . Gi ven t hi s oper at i onal de�ni t i on of es t i mabi l -
i t y, t he pr i mar y i s s ue i n i s ol at i ng memor y bot t l enecks now becomes one of
gr anul ar i ty of det ect i on.

We coul d es t i mat e t he execut i on t i me of t he f ul l pr ogr amand compar e
t hi s number agai ns t act ual r un t i me, but t hi s wi l l onl y des cr i be t he magni t ude
of t he memor y e�ect s , not l ocal i ze t hem. I ns t ead, our appr oach i s t o �nd a s et
of smal l er , t i mabl e m- obj ect s cont ai ni ng t he maj or i t y of memor y oper at i ons ,
and t hen t o s e l ect member s of t hi s s et t hat ar e es t i mabl e . The next s ect i on
out l i nes our al gor i t hm.

4 The Implementation

Thi s s ect i on des cr i bes one i mpl ement at i on of t he es t i mabl e , t i mabl e m- obj ect
appr oach t o i s ol at i ng memor y bot t l enecks , MTOOL. Thi s s pec i �c i mpl emen-
t at i on i s f or For t r an pr ogr ams r unni ng on MI PS- chi p bas ed wor ks t at i ons .
For t r an was chos en as a t ar get l anguage becaus e l ar ge For t r an pr ogr ams of -
t en have memor y bot t l enecked r egi ons and much of t he r es ear ch on al l evi at i ng
memor y bot t l enecks has concent r at ed on s c i ent i �c code.

MTOOL s eeks t o i s ol at e bot t l enecks at t he l eve l of pr ocedur es and l oops .
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Thi s dec i s i on r eect s t he f act t hat pr ocedur es and l oops have nat ur al meani ng
t o t he us er , s at i s f y t he de�ni t i on of m- obj ect , and t ypi cal l y r un l ong enough
t o meet t he t i mabi l i t y cr i t er i a. The �r s t s t ep of t he bot t l eneck i s ol at i on
pr oces s i s t o i ns t r ument t he pr ogr amof i nt er es t t o col l ect bas i c bl ock count s
and t o r un t he i ns t r ument ed code on a r epr es ent at i ve i nput . The bas i c
bl ock count s ar e us ef ul not onl y f or es t i mat i ng execut i on t i me; t hey al s o
pr ovi de MTOOL wi t h pr ec i s e knowl edge of wher e memor y oper at i ons ar e
concent r at ed.

MTOOL s or t s t he pr ocedur es by t he number of memor y oper at i ons t hey
execut e and s e l ect s t hos e t hat cont ai n t he �r s t 95%of al l memor y oper at i ons .
For each of t hes e pr ocedur es , MTOOL makes a l i s t of l oops and t r i es t o
meas ur e �r s t t he i ndi vi dual l oops and t hen t he whol e pr ocedur e , s ubj ect t o
t i mabi l i t y and es t i mabi l i t y cons t r ai nt s . Ti mabi l i t y cons t r ai nt s ar e s t r ongl y
s ys t emdependent . DEC' s ULTRI X pr ovi des a 1/60t h of a s econd gr anul ar i t y
c l ock, but a s ys t emcal l i s r equi r ed t o r ead t he c l ock.

The over head of t he s ys t em cal l per t ur bs execut i on undes i r abl y. The
cl eanes t s ol ut i on woul d be t o modi f y t he oper at i ng s ys t emt o cr eat e a c l ock
di r ect l y acces s i bl e by us er pr oces s es , but a s i mpl er , mor e wi del y appl i cabl e
opt i on was t o add an i nt er val t i mer t o cr eat e a c l ock i n us er memor y. St ar t
and s t op cl ock cal l s acces s t he c l ock i n us er memor y whi ch i s updat ed by t he
i nt er r upt s of t he i nt er val t i mer .

Us i ng t he us er memor y cl ock, MTOOL' s t i mer has gr anul ar i t y of 1/60t h
of a s econd and wor k per s t ar t /s t op cal l of about 70 i ns t r uct i ons . The r e-
s ul t s r epor t ed i n Sect i on 6 s eemt o i ndi cat e t hi s gr anul ar i t y and over head
ar e accept abl e . Al s o, we expect t hat i nt er es t i n char act er i z i ng and i mpr ov-
i ng per f ormance wi l l dr i ve ar chi t ect s and oper at i ng s ys t ems pr ogr ammer s t o
pr ovi de bet t er c l ocks i n t he f ut ur e .

At t hi s poi nt , MTOOL has gat her ed a col l ect i on of t i mabl e l oops and
pr ocedur es . The next s t ep i s t o det ermi ne whi ch of t hes e obj ect s i s es t i mabl e .
Concept ual l y, MTOOL us es a s i mpl e dept h �r s t al gor i t hm t o l abel each
pr ocedur e i n t he cal l gr aph wi t h two par amet er s :

Tot( v) = 1 +
X

calls from v tow

Tot (w) �
# of call s f rom v t o w

t ot al #of c al l s t o w
and

TDES(w) =1 + number of desc endant s of w:

I t i s eas y t o s howt hat f or ever y node, Tot ( v ) � TDES( v ) and Tot ( v ) =
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TDES( v ) exact l y when v i s es t i mabl e . Thi s r e l at i on f ormal i zes t he obs er va-
t i on of t he pr evi ous s ect i on t hat a node i s es t i mabl e when al l t he wor k of i t s
des cendant s i s done on i t s behal f .

Thus , we have a t es t f or es t i mabi l i t y. Ext endi ng t he t es t t o l oops s i mpl y
i nvol ves checki ng t he anal ogous condi t i on t hat :

X

wcalled in loop

TDES(w) +1 =
X

wcalledinloop

Tot (w) �
#of c al l s f r oml oop t o w

t ot al #of c al l s t o w
:

I n mos t cas es , t he l oops and pr ocedur es s e l ect ed by MTOOL i mmedi at e l y
s at i s f y t he es t i mabi l i t y condi t i on. The condi t i on i s met f r equent l y becaus e
t he obj ect s s e l ect ed by MTOOL cont ai n t he maj or i t y of memor y oper at i ons
whi ch t ypi cal l y means t hey i nvol ve t he mos t f r equent l y execut ed por t i ons of
code whi ch ar e normal l y l eaves or obj ect s al l of whos e chi l dr en ar e l eaves .

When t he t es t i s not s at i s �ed i mmedi at e l y, s ever al opt i ons ar e avai l abl e .
One nat ur al choi ce i s t o move up t he cal l gr aph as we knowt hat event ual l y
we wi l l encount er an es t i mabl e node, t he r oot . Thi s opt i on i s not i deal ,
however , becaus e i t r educes t he pr ec i s i on wi t h whi ch we l ocal i ze bot t l enecks .
A bet t er choi ce i s t o check whet her we can i n f act accur at e l y es t i mat e t he
t i me s pent i n a pr ocedur e cal l . Bel ow, we des cr i be t hr ee cas es wher e we can
make an accur at e es t i mat e .

Many s c i ent i �c l i br ar y r out i nes ar e s i mpl e , l oop- f r ee l eaf pr ocedur es t hat
al ways f ol l owt he s ame execut i on pat h. Thei r es t i mat ed execut i on t i mes ar e
cons equent l y cons t ant . We can of t en i dent i f y s uch pr ocedur es by checki ng
t hat t hey meet two condi t i ons :

1. The pr ocedur e i s a l oop- f r ee and cal l - f r ee .

2. The aver age t i me per cal l as det ermi ned by bas i c bl ock count s i s equal
t o t he maxi mumor mi ni mumpos s i bl e t i me per cal l .

The �r s t condi t i on i mpl i es t he pr ocedur e i s es t i mabl e and t hat we can
r un s hor t es t and l onges t pat h al gor i t hms on t he cont r ol ow gr aph of t he
pr ocedur e t o bound i t s execut i on t i me. Us i ng t hes e bounds , we can check t he
s econd condi t i on whi ch i mpl i es t hat t he execut i on t i me per cal l i s cons t ant
becaus e aver age equal s ext r emum. Thi s t es t �nds t hat s uch common l i br ar y
cal l s as SQRT() and EXP() have cons t ant execut i on t i mes when cal l ed i n t he
Per f ect Cl ub benchmar ks .
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1. I ns t r ument execut abl e pr ogr amand col l ect bas i c bl ock count s .

2. Se l ect l oops and pr ocedur es cont ai ni ng mos t memor y oper at i ons .

3. El i mi nat e s e l ect ed obj ect s t hat f ai l t o meet t i mabi l i t y cons t r ai nt s .

4. El i mi nat e s e l ect ed obj ect s t hat f ai l t o meet es t i mabi l i t y con-
s t r ai nt s .

5. I ns t r ument code t o meas ur e act ual t i me s pent i n r emai ni ng s e-
l ect ed obj ect s .

6. Run i ns t r ument ed code, cor r e l at e act ual t i mes wi t h es t i mat ed
t i mes t o i s ol at e bot t l enecks , and r epor t bot t l enecks t o t he us er .

Fi gur e 1: MTOOL' s Bot t l eneck I s ol at i on Al gor i t hm

Two ot her s i mpl e heur i s t i cs s u�ce t o e l i mi nat e many ot her pr obl emat i c
cal l s . Suppos e obj ect v cal l s pr ocedur e p. Then, we can normal l y as s ume
aver age t i me per cal l f r omv t o p i s aver age t i me per cal l t o v when ei t her :

1. The vas t maj or i t y ( 98%) of cal l s t o p ar e made by v, or

2. ( avg. t i me per cal l t o p) * (#of cal l s f r omv t o p) � t i me s pent i n v,
s o any er r or i n t he appr oxi mat i on i s negl i gi bl e .

Bot h of t hes e heur i s t i cs can be i naccur at e under pat hol ogi cal condi t i ons
(when t he var i ance of t he execut i on t i me of p acr os s cal l s i s l ar ge) , s o MTOOL
i s s ues a war ni ng whenever i t i nvokes t hem. They have not caus ed pr obl ems
wi t h t he benchmar ks meas ur ed i n t hi s s t udy.

The s t eps MTOOL us es t o i s ol at e memor y bot t l enecks ar e s ummar i zed
i n Fi gur e 1. St ep 6 i s of cour s e t he mos t s i gni �cant t o t he us er .

5 User Interface

The us er vi ew of MTOOL i s cons i der abl y l es s compl ex t han t he al gor i t hms
of t he pr evi ous s ect i ons . The us er t ypes MTOOL program-name input-files

and wai t s whi l e MTOOL i ns t r ument s t he pr ogr am t o col l ect bas i c bl ock
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Predicted User Time: 95.0

Measured Time (compensated for counters): user 132.4 sys 0.7

Overhead estimates: User (memory) System (I/0)

39.3 0.7

Proceed with memory bottleneck probe insertion (y/n)?

Fi gur e 2: MTOOL' s I ni t i al Bot t l eneck Es t i mat e

count s , r uns and t i mes t he i ns t r ument ed code, and di s pl ays a r es ul t l i ke t hat
s hown i n Fi gur e 2. MTOOL gener at es t he dat a i n t he �gur e by es t i mat i ng
t he r un- t i me of t he pr ogr amand compar i ng i t wi t h t he meas ur ed execut i on
t i me, appr opr i at e l y adj us t ed f or t he e�ect s of t he count er s . The i nf ormat i on
pr event s a a us er f r ompr oceedi ng when no s i gni �cant memor y bot t l enecks
ar e pr es ent .

As s umi ng t he us er as ks MTOOL t o pr oduce an i ns t r ument ed pr ogr am,
MTOOL execut es s t eps 2 t o 5 of Fi gur e 1 pr oduci ng a �l e of m- obj ect des cr i p-
t or s and act ual execut i on t i me meas ur ement s . Thi s s ummar y �l e i s handed
o� t o t he f r ont end.

The f r ont end' s t op l eve l wi ndowi s s hown i n Fi gur e 3 f or t he Per f ect Cl ub
benchmar k TFS. f , an ai r ows i mul at i on. Over head i s de�ned as

( ac t ual t ime � est i mat ed t i me ) =est i mat ed t i me:

The hi s t ogr ami n t he l ower l e f t of t he wi ndowvi s ual l y s ummar i zes t he dat a i n
t he upper r i ght . The l i ne \Measured 91% of memory operat i ons" r epor t s t he
per cent age of al l execut ed memor y oper at i ons t hat ar e i nc l uded i n meas ur ed
obj ect s . Al l t i mes and over heads r e f er t o us er t i me onl y; t i me s pent i n t he
oper at i ng s ys t emon behal f of a pr ogr ami s i gnor ed ( t hough i t was r epor t ed
at an ear l i er s t age{s ee Fi gur e 2) .

By pr es s i ng t he hi s t ogr ambut t on, t he us er can obt ai n a hi s t ogr amwher e
bar s r epr es ent t ot al t i me s pent on behal f of a pr ocedur e ( Fi g. 4) . Thi s t i me
i s s pl i t i nt o es t i mat ed t i me and meas ur ed memor y over head. The bar s ar e
s or t ed i n decr eas i ng or der of memor y bot t l eneck magni t ude. By cl i cki ng
t he mous e on t he memor y over head por t i on of a bar , t he us er opens a t ext
wi ndow(Fi g. 5) di s pl ayi ng t he pr ocedur e .
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Meas ur ed bot t l enecks wi t hi n t he pr ocedur e ar e di s pl ayed by hi ghl i ght -
i ng t he t ext . Bot t l enecks ar e hi ghl i ght ed one at a t i me, wi t h t he over al l
over head cont r i but i on and t he ext r a cycl es per memor y oper at i on as s oc i at ed
wi t h t he bot t l eneck r epor t ed at t he t op of t he t ext wi ndow. Pr es s i ng t he
I NFObut t on opens a popup wi ndow t hat gi ves f ur t her i nf ormat i on about
t he di s t r i but i on of memor y oper at i ons when t he meas ur ed obj ect i nc l udes
l oops or pr ocedur e cal l s . Fi gur e 6 s hows a s i mpl e I NFOwi ndow f or t he t op
bot t l eneck i n dflux(). Pr es s i ng PREV or NEXT di s pl ays t he pr evi ous or
next bot t l eneck; bot t l enecks ar e s or t ed by magni t ude. The t ext wi ndowmay
be s cr ol l ed by pr es s i ng t he ver t i cal ar r ows at t he r i ght s i de of t he wi ndow,
and mul t i pl e t ext wi ndows may be open s i mul t aneous l y.

Thr ee as pect s of t he us er i nt er f ace des er ve comment f r oman i mpl emen-
t or ' s per s pect i ve . Fi r s t , t he i nt er f ace i s r e l at i ve l y por t abl e becaus e i t i s bui l t
us i ng I nt er vi ews [ 4] , an obj ect or i ent ed t ool ki t t hat r uns on t op of X. Second,
t he not i on of c l i cki ng on a bar t o obt ai n f ur t her i nf ormat i on on t he as s oc i -
at ed bot t l eneck i s qui t e gener al . For exampl e , i t woul d be eas y t o s uppor t
an opt i on wher e c l i cki ng on a pr ocedur e ' s es t i mat ed t i me bar woul d pr ovi de
i nf ormat i on i mpl i c i t i n our t i me es t i mat e l i ke r egi s t er us age, oat i ng poi nt
s t al l s , MFLOPS, mos t of t en execut ed l i nes , et c . A t hi r d not e about t he
i nt er f ace i s t hat i s us es s t andar d l i ne number i nf ormat i on avai l abl e i n t he
obj ect �l e t o r e l at e bas i c bl ock l eve l i nf ormat i on back t o s our ce code l i nes .
I n t hi s s ens e , t he us er i nt er f ace i s l anguage- i ndependent .

6 Results

The �nal meas ur e of MTOOL and i t s us er i nt er f ace i s how wel l t hey i s o-
l at e memor y bot t l enecks . Tabl e 2 s ummar i zes our r es ul t s f or a s ubs et of t he
Per f ect Cl ub benchmar ks and t he s c i ent i �c benchmar ks i n t he SPEC sui t e .
The col umn ent i t l ed \%of Memor y Oper at i ons " i ndi cat es t hat our heur i s t i cs
f or s e l ect i ng t i mabl e , es t i mabl e m- obj ect s s ucceed i n choos i ng good pot ent i al
bot t l enecks , as we meas ur e over 90%of memor y oper at i ons i n al l but two
cas es wher e we meas ur e 85%. The col umn on unexpl ai ned over head, whi ch
r epor t s t he di �er ence between meas ur ed over head f or t he whol e pr ogr amand
t he s umof meas ur ed over heads f or i ndi vi dual obj ect s con�rms t hi s concl u-
s i on, as our meas ur ed m- obj ect s t ypi cal l y account f or al l but a f ew per cent
of over head. The l eas t pos i t i ve r es ul t i s t he dat a on number of s our ce l i nes
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Unex- #of Sour ce Li nes
%of Over - pl ai ned I n Al l Medi an/ Max/ I n Al l

Pr ogr am mops head Over hd m- obj . m- obj m- obj Code
t f s 91% 40% 4% 252 8 53 2020
nas 97% 25% 0% 591 84 395 3976
s ds 93% 6% 2% 167 12 120 7607
l ws 93% 9% 0% 100 100 100 1237
l gs 98% 12% 0% 323 35 132 2327
f pppp 85% 50% 11% 940 274 666 2718
doduc 85% 29% 5% 2541 102 477 5334
s pi ce2g6 95% 46% 2% 756 41 434 18411
dnas a7 97% 107% 1% 257 9 118 1105

Tabl e 2: MTOOL E�ect i venes s

cont ai ned i n t he m- obj ect s . On hal f of t he pr ogr ams , t he medi an obj ect con-
t ai ns f ewer t han 50 l i nes , but f or s ome pr ogr ams l i ke f pppp, we ar e per haps
f ai l i ng t o l ocal i ze bot t l enecks adequat e l y. Thi s pr obl emi s di s cus s ed f ur t her
i n t he Concl us i ons s ect i on bel ow.

7 Conclusions

The r es ul t s r epor t ed above s uppor t t he gener al concl us i on t hat our t echni que
s ucceeds i n det ect i ng memor y bot t l enecks i n s c i ent i �c For t r an pr ogr ams . One
s hor t comi ng of t he cur r ent i mpl ement at i on i s t hat i t does not s at i s f act or i l y
l ocal i ze t he bot t l enecks i n a f ewof t he pr ogr ams ( s ee Tabl e 2) . Thi s pr obl em
can cer t ai nl y be addr es s ed by modi f yi ng our al gor i t hmt o s e l ect smal l er m-
obj ect s . Cur r ent l y, MTOOL s ear ches f or t i mabl e , es t i mabl e m- obj ect s s t ar t -
i ng wi t h out er l oops . Some bene�t coul d be der i ved by t r yi ng i nner l oops
�r s t . Si mi l ar l y, MTOOL wi l l t i me a whol e l oop- f r ee pr ocedur e , r egar dl es s of
howmany l i nes i t cont ai ns . I t woul d be a s i mpl e mat t er t o add heur i s t i cs
t o par t i t i on l ar ge pr ocedur es i nt o mul t i pl e m- obj ect s . Thi s new heur i s t i c
woul d bene�t pr ogr ams l i ke f pppp i n t he SPEC s et wher e a key bot t l eneck
i s a 700 l i ne l oop- f r ee pr ocedur e . Fi nal l y, we coul d add a new opt i on wher e
MTOOLdi s pl ays a pr ocedur e wi t h i t s f r equent l y execut ed memor y r ef er ences
hi ghl i ght ed whenever t he MTOOL s el ect ed m- obj ect exceeds a cer t ai n l i ne
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count t hr es hol d. The us er coul d t hen manual l y cr eat e accept abl y pr opor -
t i oned m- obj ect s cont ai ni ng t hes e hi ghl i ght ed memor y oper at i ons , s ubj ect
t o MTOOL' s checks f or es t i mabi l i t y and t i mabi l i t y.

MTOOL coul d al s o be enhanced by br oadeni ng t he c l as s of pr ogr ams f or
whi ch i t can det ect bot t l enecks . MTOOL i s now r es t r i ct ed t o non- r ecur s i ve
pr ogr ams t hat do not us e pr ocedur e var i abl es . The r es t r i ct i on on r ecur s i on
der i ves pr i mar i l y f r omt he f act t hat t he s i mpl e s t ar t /s t op cl ock t i mer s wi l l not
wor k when an m- obj ect can be r e- ent er ed ( and t he c l ock r e- s t ar t ed) bef or e
i t i s exi t ed ( and t he c l ock i s s t opped) . The r es t r i ct i on coul d be r emoved by
pr ohi bi t i ng t he t i mi ng of r ecur s i ve pr ocedur es or by us i ng mor e compl i cat ed
t i mer s t hat keep t r ack of t he dept h of t he r ecur s i ve cal l and onl y s t ar t and
s t op t he c l ock on t he �r s t ent r y and l as t exi t . Becaus e MTOOL i s l anguage
i ndependent ( except f or t he r es t r i ct i on on r ecur s i on) modi f yi ng t he t i mer s
( and modi f yi ng t he check f or es t i mabi l i t y of s ect i on 4 t o account f or l oops i n
t he cal l gr aph) woul d al l owMTOOL t o handl e l anguages wi t h r ecur s i on.

The r es t r i ct i on on pr ocedur e var i abl es i s al s o eas y t o r emove. MTOOL' s
de�ni t i on of es t i mabi l i t y r eqi r es a wel l - de�ned cal l gr aph and t he us e of pr oce-
dur e var i abl es means t hat t he f ul l s t r uct ur e of t he cal l gr aph i s not det ermi ned
unt i l r un- t i me. By modi f yi ng t he bas i c bl ock count i ng i ns t r ument at i on t o
r ecor d a dynami c cal l gr aph, t hi s r es t r i ct i on coul d be c i r cumvent ed.

The �nal and per haps mos t exci t i ng appl i cat i on f or MTOOL t echnol ogy i s
por t i ng i t t o a s har ed memor y mul t i pr oces s or . Memor y bot t l enecks on s har ed
memor y machi nes can be s ever e and det ect i ng t hem i s di �cul t . Anal yt i c
t echni ques cannot handl e t he compl exi t y of par al l e l s ys t ems and s i mul at i ng
mul t i pl e i nt er act i ng pr oces s or s i s ext r emel y compl ex and expens i ve . MTOOL
shoul d pr ovi de a vi abl e al t er nat i ve t o t hes e appr oaches .

Acknowledgements: I woul d l i ke t o t hank Davi d Wal l of DECWRL who
s pons or ed par t of t hi s r es ear ch dur i ng a s ummer i nt er ns hi p and pr ovi ded
i nval uabl e advi ce on t he i ns and out s of pat chi ng code.

8 Appendix: Instrumenting Code

MTOOL r equi r es t he abi l i t y t o modi f y an execut abl e �l e i n a non- i nt r us i ve
manner . One appr oach us ed by t he Pi xi e [ 5] pr ogr amf r omMI PS i s t o di r ect l y
pat ch an execut abl e . Apr obl emar i s es becaus e s ome j umps ar e i ndi r ect ; t hey
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have t he f ormJR r1 wher e r1 i s a r egi s t er cont ai ni ng an addr es s . Pi xi e ' s
s ol ut i on i s t o i nc l ude an i ndi r ect j ump t abl e whi ch maps ever y addr es s i n t he
or i gi nal execut abl e t o i t s cor r es pondi ng addr es s i n t he pat ched execut abl e .
I ndi r ect j umps ar e al ways made t hr ough t hi s t abl e . The dr awback of Pi xi e
i s t hat i t can i nt r oduce non- negl i gi bl e over head.

As econd appr oach i s t o pat ch t he code at l i nk t i me, modi f yi ng pc- r e l at i ve
j umps , t ext addr es s es i n t he dat a s egment , and t he r e l ocat i on di ct i onar y
t o cor r ect l y r eect changes i n t he execut abl e �l e . The advant age of t hi s
appr oach i s t hat al l j ump des t i nat i on addr es s es ar e c l ear l y i dent i �abl e and
no over head i s added. See [ 9] f or a a compl et e des cr i pt i on of t he t echni que.

MTOOL us es a t hi r d appr oach. MTOOL pat ches t he execut abl e di r ect l y,
but i t does not us e an i ndi r ect j ump t abl e . I ns t ead, MTOOLpat t er n mat ches
t o �nd i ns t r uct i ons whi ch l oad addr es s es i n t he t ext s egment . The l oaded
t ext addr es s i s modi �ed t o r epr es ent t he cor r es pondi ng addr es s i n t he i ns t r u-
ment ed code. Thus , a JR r1 wi l l s ucceed becaus e t he i ns t r uct i ons t o l oad r1
wi t h a val ue have been cor r ect l y updat ed. Thi s t echni que s u�er s f r omt he
pot ent i al dr awback t hat t he pat t er n mat cher coul d f ai l i n hi ghl y opt i mi zed
code, but we have encount er ed no pr obl ems t o dat e .
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