
Abstract

Com p ilers a re u sua lly taugh t as a sequen ce of ph ase s , yet textbooks say little about how m uch each

phase co sts inside a produc tio n comp ile r. Th is p ape r m easures it . U sing th e bu ilt- in tim ing repo rt of

GCC 13 .3, w e group 139 inte rn a l t im e rs into seven stage s tha t m ap on to the c lassica l p hase s and

m easu re them on two gene ra ted code bases (14 ,004 and 12 ,807 line s) a t f iv e op tim iza tio n leve ls , on

a sca lin g se ries o f up to 56,004 lin es , and on e igh t benchm a rk prog ram s . A t -O0 the back end

consum es 72% o f com piler tim e and th e fro n t end 19% ; a t -O 2 th e midd le end a lo ne takes 53% and

th e fro n t end on ly 4% . Fron t-end co st stays n ea rly con stan t (0 .38– 0 .46 s) while tota l com pile tim e

r ise s 5 .0× from -O0 to -O2. Com p ile tim e g row s a lm ost linea rly w ith source size (fitted expon en t

1.02 a t -O0 and 0.95 a t -O2 , R ² > 0 .999 ) ove r a 16- fo ld range . Re la tive to -O0 , -O2 g iv es a geome tric-

m ean speedu p of 3.05× (range 1.64 – 7.75× ) ; -O3 add s on ly 3% more , wh ile ra isin g com p ile time by

2– 15% and p rogram code size from 1.14× to 1 .30× . A ll 40 op tim ized bu ild s p roduced identica l

p rogram outpu t . We d iscuss im p lica tion s for teach ing and for choosin g op tim iza tion leve ls , and w e

re lease a ll scrip ts and raw da ta .

Keywords: Com p ile r ph ases , GCC , com pila tio n cos t , optim iza tio n leve ls , empir ica l s tudy ,

inte rm ed iate rep re sen ta tio n , com pile -tim e sca ling

1. Introduction

Th e trad it io na l descr ip tion o f a comp ile r as a

p ipe lin e of le x ica l an aly sis , syntax an a ly sis ,

sem an tic an a ly sis , in term ed ia te code gen eratio n ,

op tim iza tion , and code gen era tio n is a

co rn ersto ne o f com p ile r educa tio n [1 ], [2]. Th e

mode l exp la in s wha t each stage do es , but it

doe s no t say how m u ch each stage cos ts .

S tuden ts the re fore o ften as sum e th at scannin g

and p a rs in g , the firs t stages th ey study in deta il,

a re wh ere a com pile r spend s its e f fo rt .

P roduction com p ilers expose enough

instrum en ta tion to tes t th is assumption . GCC

can repo rt th e tim e spen t in each o f its inte rn a l

activ it ie s , and its p as s s tructu re is documented

[6 ]. Th is p aper u ses th a t instrum en ta tion to

an sw er four resea rch que stion s :

• RQ1. H ow is com p ile r CPU tim e d istributed

acros s the c lassica l p h ases , and how do es

th e d is tribu tio n ch ange w ith the

op tim iza tio n leve l?

• RQ2. How do es comp ile time sca le w ith

source size?

• RQ3. W h a t do es each op tim iza tion lev e l

buy a t run tim e , and a t wha t cost in comp ile

tim e and code s ize ?

• RQ4. H ow doe s the s ize of th e program

rep re sen ta tio n change as it m oves th rough

th e pipe lin e?

Th e contr ibution s a re : (i) a do cum en ted

m appin g from 139 GCC tim ers to seven s tages

a lig n ed w ith the c lassica l p hases; (ii)
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m easu rem ents fo r f iv e optim iz atio n lev e ls o n

two independen t gen era ted worklo ads; (iii) a

sca lin g study o ver a 16- fo ld range o f source

size ; (iv ) a runtim e , code-size and corre ctne ss

com pa r ison on e ig ht ben chm a rk s; and (v ) a

pub lic re lease o f a ll scr ip ts and raw da ta so tha t

th e s tudy can be repea ted .

2. Background and Related Work

Phases. The c lassica l m ode l sepa ra tes lex ica l,

syn tax and sem an tic an a ly sis (th e ana ly sis s ide)

from inte rm ed ia te code gen eratio n ,

optim iza tio n and code gen era tio n (th e

syn the sis side) [1], [2] . Op tim iza tion techniques

a re ca ta logued in de ta il by M uchn ick [3 ].

M ode rn infrastructures such as LLVM o rg anize

com pila tio n a ro und a comm on in term ed ia te

rep resen tatio n so tha t fro nt ends , op tim ize rs

and back end s can be reused independen tly [4 ].

GCC pipeline. GCC pa rses C into a fro n t-end

tree , low e rs it to th e GIM PLE in term ed ia te

rep resen tatio n , run s in terpro cedura l and

G IM PLE optim iz atio n p asse s , e xp ands to th e

RTL rep re sen ta tio n , and then pe rform s RTL

optim iza tio n , reg iste r a llo ca tion , sch edu lin g and

assem b ly ou tput [6 ]. Register a llo ca tio n , wh ich

w e m easure sep a rate ly , is c lassica lly form ula ted

as graph co lor in g [5 ].

Optimization levels. Th e leve ls -O0 to -O3 and -

O s bund le sets o f op tim iza tion flags; th e ir exact

contents are spe c if ied in the GCC m anua l [7 ].

Choosin g among them is a lo ng -stand in g

p ractica l prob lem , and a la rge lite ra ture applies

m ach in e lea rn in g to se lec t o ptim iza tion s

autom a tica lly [10]. Understand in g th e base lin e

co st o f each lev e l, as m easu red h ere , is a

p re requisite for such work .

Correctness. O ptim iza tio n mu st p reserve

p rogram behav io r. Testin g h as fo und

m iscom p ila tion bu gs in w ide ly used C com p ile rs

[8 ], and Com pCe rt demon stra tes th a t a rea lis tic

C com p iler can be form a lly ver ified [9 ]. We

in c lude a sim p le beh av io r-preserv a tio n ch eck on

our ben chm a rks , but w e do not c la im it as a

co rrec tnes s p roo f.

3.Methodology

3.1 Environment

A ll m easurem en ts used GCC 13 .3 .0 (Ubun tu 13.3 .

0 -6ubun tu2~ 24 .04.1) on Ubun tu 24 .04 in a

L inux conta ine r w ith one v irtua l CPU (Inte l Xeon ,

2.10 GHz), 4 GB RAM and kerne l 6.18 . P rog ram s

w e re com p iled w ith on ly the optim iza tion lev e l

ch anged ; no a rch ite cture -spec ific , lin k- tim e o r

p ro file-guided op tio ns w ere used . Because the

m ach in e h as a sing le co re , e xpe rim en ts w e re

run str ictly on e at a tim e .

3.2Mapping Timers to Phases

GCC ’ s - ft im e-report option prints CPU tim e

(u ser + system ) fo r each in terna l t im e r. Across

a ll runs w e obse rv ed 144 d istin ct tim er n am es .

Th ree a re inc lusive phase tota ls and two

(c allgraph func tio ns exp ans io n , ca llg raph IPA

p asse s) a re in c lusive agg rega te s o f oth er tim ers;

w e exc luded th ese five to avo id doub le

coun tin g . The rem a in ing 139 tim ers w e re

ass ign ed to sev en groups (F ig . 1 ) us in g the

n am es and ro les docum en ted in th e GCC

in tern a ls m anua l [6 ]. A s a va lida tio n , th e sum of

our g roup s equa ls GCC ’ s own repo rted tota l in

every run (to w ithin 0 .0 1 s ).



Fig. 1. Mapping of GCC timers to the sevenmeasured

groups and the classical phases

Th e m appin g in vo lv es judgm en t . GCC ’ s C

fron t end in terleav es pa rsing and sem an tic

ch eck in g , so w e repo rt th em as one g roup . Back -

end wo rk is sp lit in to in struction se lection w ith

RTL op tim iza tion , reg is te r a lloca tion w ith

sch edu lin g , and code em ission . A few sh a red

tim ers (for e xamp le dom in ance com puta tio n )

could be lon g to m o re th an on e g roup ; w e

assigned them to th e m idd le end .

3.3Workloads

Table 1.Workloads

Name Description Size

W 1 Generated C : arithm et ic , loops,

branches, sma ll arrays

1,000

functions;

14,004 lines

W 2 Generated C : structs, switch ,

array indexing

800 functions;

12,807 lines

S1– S5 W1 genera tor, N = 250 … 4000

functions

3,504 …

56 ,004 lines

B1– B8 fib , sieve , m atm ul, nbody ,

mandel, qsort, fnv , colla tz

98– 451

tokens each

Th e gen era tors use a f ixed random seed .

Gen erated functio ns a re independent o f on e

anoth er , wh ich iso la tes per-fun ction co sts but

doe s no t e xerc ise who le -p rogram e ffe cts;

Sectio n 6 retu rn s to this . Th e e ig h t ben chm a rks

a re sm a ll, se lf-con ta in ed C kern e ls th a t pr int a

ch ecksum so th a t resu lts can be com p a red

across bu ild s .

3.4Measurement Protocol

For RQ 1 each wo rk lo ad w as com p iled to an

ob ject file five time s per leve l and th e med ian of

each group is repo rted . Fo r RQ2 each size w as

com piled th ree tim e s a t -O0 and -O2 and a

powe r law T = a·N^ k w as fitted by leas t squ ares

on log – log da ta . Fo r RQ3 each benchm a rk w as

com piled and lin ked a t each lev e l, run five tim e s ,

and th e m ed ian wa ll-c lock tim e repo rted ;

speedu p is th e -O0 time d iv ided by the tim e a t

th e g iv en leve l, and m ean s acro ss p rogram s a re

geom etr ic . P rog ram code size is th e te xt

segm ent repo rted by size m inus th a t o f an

empty p rog ram (about 1 .2 KB ). Fo r RQ4 w e

coun ted source to ken s w ith a

regula r-e xpress io n token ize r, GIM PLE

s tatem en ts in GCC ’ s dum p file s (lin es w ith an

ass ignment , ca ll, b ran ch or re turn ), and

in struc tio ns in the gen erated assem b ly .

4. Results

4.1 Phase Distribution (RQ1)

Fig. 2. Compiler CPU time by stage for workload W1

F ig . 2 and Tab le 2 show the resu lt fo r W 1. A t

-O0 th e com piler spends only 18 .7% o f its tim e

in th e three fro nt-end stage s (le x ica l an a lys is ,

p a rs in g and sem an tic an a ly sis , IR gen era tio n )

and 71 .9% in the back end . Register a llo ca tio n is

th e s in gle la rge st stage (33.0% ). A t -O 1 and

abov e , the midd le end dom in a tes : it takes

44 .3% a t -O 1 and 53.4% a t -O2 , while the fro n t



end fa lls to 4 .3% .

Table 2. Share of compiler CPU time per stage,W1 (%)

Stage O0 O1 O2 O3 Os

Lexica l ana ly sis 8.4 2.3 1.7 1.5 1.9

Parsing & sem antics 5.9 1 .9 1.4 1.3 1.3

IR generation 4.4 1 .2 1.3 1.3 1.7

M idd le-end opt. 9.4 44.3 53.4 54.9 57.5

Instr. se l. & RTL 20.7 28.1 26.5 25.2 23.0

Reg. alloc. & sched. 33.0 13.0 11.2 10 .7 9.5

Code em ission 18.2 9 .1 4 .6 4 .9 5.1

Total CPU time (s) 2.03 7.33 10 .19 10 .38 9.29

Cost vs. O0 (× ) 1.00 3.61 5.02 5.11 4 .58

Th e ab so lute fron t-end co st is a lmo st

independent of th e op tim iza tio n leve l: 0 .38 s a t -

O0 and 0.44 s a t -O2. E ssentia lly a ll o f th e extra

com pile tim e a t higher leve ls com e s from

optim iza tio n work . The back end a lso g row s ,

from 1.46 s to 4.31 s (3 .0× ), so optim iza tio n

m ake s reg iste r a lloca tion and RTL p asse s m ore

expen sive as w e ll as add in g G IM PLE p asse s .

W o rk lo ad W 2 show s the same p a ttern (fro nt

end 19 .7% sha re of back end a t -O 0 vs . m idd le

end 49.2% a t -O2 ; tota l cos t 4.65× a t -O 2),

wh ich sugge sts th e resu lt is no t an a rtifac t o f

o ne code gen erato r .

4.2 Scaling (RQ2)

Fig. 3. Compile time versus source size (log– log)

F ig . 3 shows th a t comp ile tim e g rew a lmo st

lin ea r ly w ith source size : th e fitted expon en t is

1.02 a t -O 0 and 0 .95 a t -O2, w ith R ² above

0 .999 in both cases . Throughput w as 6 .7 – 7 .2

th ousand line s per second a t -O 0 and 1.3– 1.5

th ou sand lin es per second a t -O 2, about five

tim es low er . A t -O2 throu ghput ro se s ligh tly

w ith size (from 1,2 79 to 1,4 72 lin es/s ), wh ich is

con sis ten t w ith a sm a ll f ixed sta rt-u p cos t be in g

amortized , a lth ough w e d id not iso la te it . F its

for the th ree la rgest g ro up s a t -O2 g ave

e xponents o f 0.98 (m idd le end ), 0.98 (RTL ) and

0 .8 4 (registe r a llo ca tio n ) ; w e do not inte rp re t

e xponents o f th e sm a ller group s because th e ir

t im es a re c lose to th e 10 m s tim e r re solution .

4.3 Runtime, Size and Cost (RQ3)

Fig. 4. Run-time speedup over -O0 for eight

benchmarks

F ig . 4 show s run- tim e speedups . Th e geom etr ic-

m ean speedup ov er -O 0 is 2 .4 5× a t -O 1, 3.0 5×

a t -O2, 3.14× a t -O3 and 2.43× a t -O s . A t -O2

th e speedup range s from 1.6 4× (qsort) to 7 .75

× (m a tm ul) . Ga ins a re not un iform acros s lev e ls :

f ib im prov es from 3 .49× a t -O2 to 4 .4 3× a t

-O3, wh ereas colla tz s low s sligh tly from 2.20×

to 2.09× . We d id not isola te which

trans fo rm a tio n s a re re spon sib le .

Table 3. Cost and benefit of each level (relative to -O0)

Level Compile cost W1

/W2 (× )

Speedup

(geomean)

Program

text (× )

-O1 3.61 / 3.34 2.45 0.83

-O2 5.02 / 4.65 3.05 1.14

-O3 5.11 / 5.34 3.14 1.30

-Os 4.58 / 4 .08 2.43 0.77

Tab le 3 comb ine s the th ree co sts and ben e fits .



-O 1 achiev es about 80% o f th e -O2 speedup

(on a lo ga r ithm ic sca le) a t ro ugh ly 70% o f its

com pile cos t on W 1. -O 3 g iv es only 3% more

speed th an -O2 on av erage while p rogram text

g row s from 1.14× to 1.30× and comp ile co st

r ise s by 2% (W 1) to 15% (W 2 ). -O s g iv es a sim ila r

speedup to -O 1 and th e sm a lles t code (0 .77× ).

Behavior preservation. A ll e ig h t ben chm a rks

p rinted identica l o utpu t a t a ll five leve ls (40 o f

40 bu ild s), in c lud ing the two flo a tin g -point

p rogram s . This is a sanity ch eck , not a proo f,

and it covers on ly th ese p rog ram s on on e

m ach in e .

4.4 Representation Size (RQ4)

Table 4. Size of the representation at each stage

Program Tokens GIMPLE

-O0

GIMPLE

-O2

Asm

-O0

Asm

-O2

fib 50 16 114 36 327

sieve 163 54 21 90 54

m atm ul 239 53 67 161 168

nbody 451 94 69 398 106

m ande l 148 45 22 87 55

qsort 290 92 70 191 192

fnv 134 33 20 63 37

co llatz 98 26 12 48 38

Total 1573 413 395 1074 977

Tab le 4 fo llows the e ig ht p rog ram s from source

to ken s to G IM PLE sta tem ents to as sem b ly

instruction s . O ver th e who le su ite , optim iza tio n

reduces G IM PLE sta tem en ts by 4% (413 to 395 )

and as sem b ly in structio n s by 9% (1,0 74 to 977 ),

but the pe r-prog ram p icture va r ies w ide ly . Th e

siev e sh rinks by 6 1% a t th e G IM PLE leve l and

nbody by 73% a t th e as sem b ly leve l, wh ile fib

g row s by a facto r of 7 .1 (G IM PLE ) and 9 .1

(assem b ly ), wh ich is con sis ten t w ith in lin ing o r

un ro lling o f its recurs ive ca lls , a lthough w e d id

not ver ify th e cause . A sm a ller rep resen ta tio n

th ere fo re doe s n o t a lways fo llow optim iz atio n ; it

depend s on th e program .

5. Discussion

The phases students study first are the

cheapest. In GCC the lex ica l, syntax and

sem antic stages togethe r accoun t fo r u nder

10% o f com piler tim e a t -O 1 and abov e (abou t

6% a t -O2 ), and u nder 15% a t -O0 . Th is do es

n o t m ake th em un im portan t , sin ce the y

dete rm ine co rrec tnes s and d iagno stics , but it

e xpla in s why com p iler engin eer in g e ffo rt

con cen tra tes on op tim iza tion and code

gen era tio n .

Optimization cost is not only a middle-end

matter. The m idd le end grow s from 0.19 s to

5 .44 s be tw een -O 0 and -O2, yet th e back end

a lso trip le s . The c las sica l split in to

“ op tim iza tio n” and “ code gen era tio n ”

th ere fo re unde rs ta tes how m uch the qua lity of

th e in term ed ia te fo rm a ffe cts la ter s tages .

Practical guidance. O n th is su ite , -O2 captures

n ea r ly a ll o f the ben e fit o f -O3 a t low er code size ,

and -O 1 is an econom ica l cho ice wh en bu ild

tim e dom in a tes . The se a re m easurem en ts fo r

on e com piler and a sm a ll ben chm a rk set , no t

un iversa l ru les; the per-p rogram v ar ia tio n in F ig .

4 is a rem inder tha t th e bes t leve l depend s on

th e prog ram .

Teaching. Th e sev en -g roup m app ing in F ig . 1

can be reused in courses : students can run

- ftim e-report on the ir own p rogram s and re la te

th e m easured stage s to the phases the y study .

Th e per-ph ase m easurem en ts also give

con cre te num bers for d iscuss in g why com pile rs

o ffer m ultip le optim iza tio n leve ls .

6. Threats to Validity

Single compiler and machine. A ll da ta com e

from GCC 13.3.0 on on e sin gle-core virtua lized

m ach in e . Resu lts fo r C lang /LLVM [4 ], oth er

v ersio n s , o th er a rch itectures or m u lti-co re

bu ild s m ay d iffer . Synthetic workloads. The

gen era ted code con sists of independen t



fun ction s . This favors lin ea r sca lin g ; p rog ram s

w ith la rge ca ll graphs o r h eavy inte rp ro cedura l

o ptim iza tio n m ay sca le d iffe rently , and w e d id

not test link -tim e op tim iza tio n . Small

benchmarks. Th e e ig h t ke rn e ls run fo r 0 .0 2–

0 .8 s and a re no t representa tive of la rge

applica tio ns . Med ian run- to- run va r ia tio n w as

1% but reached 12 .9% for on e configura tio n

(nbody a t -O2 ). Timer resolution. GCC repo rts

tim es in 10 ms steps , so sm a ll g ro up s a re coa rse ;

w e draw con c lus io ns only from la rge grou ps and

to tals . Classification. A s sign in g tim ers to

g roup s required judgm ent , and o the r

reasonab le as signm en ts would shift a few

percen tage po ints betw een ne ig hbo ring g roup s .

Metrics. G IM PLE s tatem en t coun ts use a

lin e-based heuristic , and assem b ly ins truc tio n

counts inc lude com p iler-gen era ted sequence s .

7. Conclusion and Future Work

We m easured wh ere GCC 13.3 spend s its tim e

across th e c lassica l com pila tio n phases . Th e

fron t end is ch eap and n ea rly constan t in co st;

optim iza tio n is wha t m akes com pila tio n

expen sive , and it do es so acro ss the m idd le and

back end s . Com p ile tim e sca led a lm o st lin ea r ly

w ith sou rce size on our wo rk lo ad s , -O2 gav e a

3.05× ave rage speedup a t about five tim es th e

com pile co st of -O 0, and -O3 added litt le on

ave rage . Th e s tudy a lso demon stra te s th at th e

textbook phase mode l can be tied d ire ctly to

m easu rab le quantities in a productio n com p iler .

Fu ture wo rk inc ludes repea tin g the study w ith

C lang/LLVM , who se p ass-tim in g fac ilit ies a llow a

sim ila r m app ing ; add in g p rogram s w ith la rge

ca ll graph s and lin k- tim e op tim iza tion ;

m easu ring th e e ffe ct o f ind iv idua l p asses by

togg lin g flags; and repeatin g the m easurements

on seve ra l m achine s to quan tify ha rdwa re

va r ia tio n .

8. Reproducibility and Disclosure

A ll gene ra to rs , ben chm a rk sources ,

m easurem en t scr ip ts , raw tim ing da ta and the

an a ly s is code a re p ro vided in the supp lementa ry

a rchive (comp iler_phase_study.zip) . The study

is repea ted by running run_AB .py , run_CD .py

and report.py in tha t o rder o n a m ach in e w ith

GCC and Python 3; absolute tim e s w ill d iffer by

m ach in e , and th e p roportio n s a re th e quan tities

o f in tere st . AI assistance: th e e xpe rim en t

scripts , an aly sis code and a d ra ft o f th is

m anuscr ip t w e re p repa red w ith the assistan ce of

an AI sys tem (C laude , An thropic); the

m easurem en ts w e re run by th a t system in the

env ironm en t described in Section 3.1 . The

autho r is re spon sib le fo r the content .
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