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Abstract 
Farsite is a scalable,  d istribu ted  f ile sy stem  th at lo g ically  
f u n ctio n s as a cen traliz ed  f ile serv er bu t th at is p h y sically  
im p lem en ted  o n  a set o f  clien t d esk to p  co m p u ters.   Farsite 
p ro v id es h ig h  d eg rees o f  reliability  an d  av ailability  by  
sto rin g  rep licas o f  f iles o n  m u ltip le m ach in es.   R ep licas 
are p laced  to  m ax im iz e th e ef f ectiv e sy stem  av ailability ,  
u sin g  a d istribu ted ,  iterativ e,  ran d o m iz ed  p lacem en t 
alg o rith m .   W e p erf o rm  a larg e- scale sim u latio n  o f  th ree 
can d id ate alg o rith m s u sin g  m ach in e av ailability  d ata 
co llected  f ro m  o v er 5 0 , 0 0 0  d esk to p  co m p u ters.   W e f in d  
th at alg o rith m ic ef f icien cy  an d  p lacem en t ef f icacy  ru n  
co u n ter to  each  o th er.   W e f it an aly tic f u n ctio n s to  th e 
im p ro v em en t rates an d  p ro v id e ex p lan atio n s f o r th e f itted  
cu rv es.   W e ex p lo re th e alg o rith m s’  p ro p erties th ro u g h  
stu d y  o f  th eir d y n am ic beh av io r.   W e v isu aliz e alg o rith m ic 
p lacem en ts an d  co m p are th em  to  th eo retical w o rst cases.   
W e q u an tif y  th e d eg ree o f  m ach in e f ailu re co rrelatio n  an d  
d ev elo p  a f o rm u la to  ap p ro x im ate its ef f ect.  

1 .  I n tro d u cti o n  

T h i s  p a p e r  a n a l y z e s  a l g o r i t h m s  f o r  a u t o m a t e d  
p l a c e m e n t  o f  f i l e  r e p l i c a s  i n  t h e  F a r s i t e  [ 6]  s y s t e m ,  u s i n g  
s i m u l a t i o n s  b a s e d  o n  l a r g e - s c a l e  m e a s u r e m e n t  d a t a .   I n  t h e  
F a r s i t e  d i s t r i b u t e d  f i l e  s y s t e m ,  m u l t i p l e  r e p l i c a s  o f  f i l e s  a r e  
s t o r e d  o n  m u l t i p l e  m a c h i n e s ,  s o  t h a t  f i l e s  c a n  b e  a c c e s s e d  
e v e n  w h e n  s o m e  o f  t h e  m a c h i n e s  a r e  u n a v a i l a b l e  ( e i t h e r  
t u r n e d  o f f  o r  i n a c c e s s i b l e ) .   T h e  p u r p o s e  o f  t h e  p l a c e m e n t  
a l g o r i t h m  i s  t o  d e t e r m i n e  a n  a s s i g n m e n t  o f  f i l e  r e p l i c a s  t o  
m a c h i n e s  t h a t  m a x i m a l l y  e x p l o i t s  t h e  d i f f e r e n t  l e v e l s  o f  
a v a i l a b i l i t y  p r o v i d e d  b y  d i f f e r e n t  m a c h i n e s .  

T h e  n u m b e r  o f  r e p l i c a s  o f  e a c h  f i l e ,  R ,  i s  f i x e d  b y  t h e  
s y s t e m .   G i v e n  m e a s u r e m e n t s  o f  m a c h i n e  a v a i l a b i l i t i e s  [ 6]  
a n d  t h e  e f f i c a c y  o f  o u r  a l g o r i t h m s ,  w e  f i n d  t h a t  t o  a t t a i n  
o v e r a l l  s y s t e m  a v a i l a b i l i t y  i n  t h e  d e s i r a b l e  r a n g e  o f  4  t o  5  
n i n e s  r e q u i r e s  3  o r  4  r e p l i c a s  o f  e a c h  f i l e ,  s o  w e  s t u d y  t h e  
b e h a v i o r  o f  o u r  a l g o r i t h m s  g i v e n  t h e s e  t w o  v a l u e s  f o r  R .  

W e  r e q u i r e  a l g o r i t h m s  t h a t  c a n  i m p r o v e  a n  e x i s t i n g  
p l a c e m e n t ,  s o  w e  c o n c e n t r a t e  o n  h i l l - c l i m b i n g  a l g o r i t h m s  
t h a t  s u c c e s s i v e l y  e x c h a n g e  t h e  m a c h i n e  l o c a t i o n s  o f  t w o  
f i l e  r e p l i c a s .   W e  i n v e s t i g a t e  t h e  p r o p e r t i e s  o f  d i s t r i b u t e d  
v e r s i o n s  o f  t h r e e  s u c h  a l g o r i t h m s :  ( 1 )  RAND- RAND ,  w h i c h  
s w a p s  r e p l i c a  l o c a t i o n s  b e t w e e n  a n y  p a i r  o f  f i l e s ,  ( 2 )  M I N-
RAND ,  w h i c h  s w a p s  r e p l i c a  l o c a t i o n s  b e t w e e n  a  m i n i m u m -
a v a i l a b i l i t y  f i l e  a n d  a n y  o t h e r  f i l e ,  a n d  ( 3 )  M I N- M AX ,  w h i c h  

s w a p s  r e p l i c a  l o c a t i o n s  b e t w e e n  a  m i n i m u m - a v a i l a b i l i t y  
f i l e  a n d  a  m a x i m u m  a v a i l a b i l i t y  f i l e .  

W e  f i n d  t h a t  i n  t e r m s  o f  a l g o r i t h m i c  e f f i c i e n c y ,  t h e  M I N-
M AX  a l g o r i t h m  p e r f o r m s  b e s t ,  M I N- RAND s e c o n d ,  a n d  RAND-
RAND t h e  w o r s t .   I n  t e r m s  o f  p l a c e m e n t  e f f i c a c y ,  RAND- RAND 
i s  t h e  b e s t ,  M I N- RAND i s  a g a i n  s e c o n d ,  a n d  M I N- M AX  i s  t h e  
w o r s t .   T h e  a l g o r i t h m s  t h u s  p r e s e n t  a  t r a d e - o f f  b e t w e e n  
t h e s e  t w o  d e s i r a b l e  q u a l i t i e s .  

S e c t i o n  2  o v e r v i e w s  t h e  F a r s i t e  s y s t e m .   S e c t i o n s  3  a n d  
4  d e s c r i b e  t h e  a l g o r i t h m s  a n d  t h e  e n v i r o n m e n t  o f  o u r  
s i m u l a t i o n .   S e c t i o n s  5  –  8  d e t a i l  t h e  a l g o r i t h m s ’  t r a n s i e n t  
i m p r o v e m e n t ,  d y n a m i c  b e h a v i o r ,  f i n a l  p l a c e m e n t  p a t t e r n s ,  
a n d  i n f l u e n c e  b y  m a c h i n e  f a i l u r e  c o r r e l a t i o n .   S e c t i o n s  9  
a n d  1 0  w r a p  u p  w i t h  r e l a t e d  w o r k  a n d  c o n c l u s i o n s .  

2 .  B ack g ro u n d  

F a r s i t e  [ 6]  i s  a  s e c u r e ,  h i g h l y  s c a l a b l e ,  s e r v e r l e s s ,  
d i s t r i b u t e d  f i l e  s y s t e m  t h a t  l o g i c a l l y  f u n c t i o n s  a s  a  
c e n t r a l i z e d  f i l e  s e r v e r  w i t h o u t  r e q u i r i n g  a n y  p h y s i c a l  
c e n t r a l i z a t i o n  w h a t s o e v e r .   T h e  s y s t e m ’ s  c o m p u t a t i o n ,  
c o m m u n i c a t i o n ,  a n d  s t o r a g e  a r e  d i s t r i b u t e d  a m o n g  t h e  
c l i e n t  c o m p u t e r s  p a r t i c i p a t i n g  i n  t h e  s y s t e m .   F a r s i t e  r u n s  
o n  a  n e t w o r k e d  c o l l e c t i o n  o f  d e s k t o p  c o m p u t e r s  i n  a  l a r g e  
c o r p o r a t i o n  o r  u n i v e r s i t y  w i t h o u t  i n t e r f e r i n g  w i t h  u s e r s ’  
l o c a l  t a s k s  a n d  w i t h o u t  r e q u i r i n g  u s e r s  t o  m o d i f y  t h e i r  
b e h a v i o r .   A s  s u c h ,  i t  n e e d s  t o  p r o v i d e  a  h i g h  d e g r e e  o f  
s e c u r i t y  a n d  f a u l t  t o l e r a n c e  w i t h o u t  t h e  p h y s i c a l  p r o t e c t i o n  
a n d  c o n t i n u o u s  s u p p o r t  e n j o y e d  b y  c e n t r a l i z e d  s e r v e r s .  

S i n c e  p e o p l e  t u r n  o f f  t h e i r  d e s k t o p  m a c h i n e s  w h e n e v e r  
t h e y  w i s h ,  w i t h o u t  r e g a r d  f o r  o t h e r  u s e r s  w h o  m a y  w i s h  t o  
r e m o t e l y  a c c e s s  t h e  m a c h i n e ’ s  r e s o u r c e s ,  F a r s i t e  e m p l o y s  
a  h i g h  d e g r e e  o f  r e p l i c a t i o n  i n  i t s  s t o r a g e  o f  f i l e  a n d  
d i r e c t o r y  d a t a .   S i n c e  d e s k t o p  m a c h i n e s  a r e  n o t  p h y s i c a l l y  
s e c u r e d ,  F a r s i t e  m u s t  b e  r e s i l i e n t  t o  a r b i t r a r y  m a l i c i o u s  
b e h a v i o r  o n  a  s u b s e t  o f  t h e  m a c h i n e s  t h a t  f o r m  t h e  s y s t e m  
i n f r a s t r u c t u r e .   I t  r e s i s t s  s u c h  a t t a c k s  u s i n g  t w o  t e c h n i q u e s :  
a  B y z a n t i n e - f a u l t - t o l e r a n t  p r o t o c o l  a n d  c r y p t o g r a p h i c a l l y  
s e c u r e  d i s t r i b u t e d  r a n d o m  n u m b e r  g e n e r a t i o n .  

D i r e c t o r i e s  a r e  i m p l e m e n t e d  b y  g r o u p s  o f  m a c h i n e s  
t h a t  i n t e r a c t  u s i n g  a  B y z a n t i n e - f a u l t - t o l e r a n t  p r o t o c o l  [ 9 ] ,  
w h i c h  g u a r a n t e e s  c o r r e c t n e s s  i f  f e w e r  t h a n  o n e  t h i r d  o f  t h e  
m a c h i n e s  m i s b e h a v e  i n  a n y  m a n n e r .   A  g r o u p  o f  m a c h i n e s  
c o l l e c t i v e l y  m a n a g i n g  a  d i r e c t o r y  i s  c a l l e d  a  d irecto ry  
h o st.   E a c h  d i r e c t o r y  h o s t  i m p l e m e n t s  m u l t i p l e  d i r e c t o r i e s ,  
s i n c e  t h e r e  a r e  ~ 1 0

4
 d i r e c t o r i e s  o n  a  t y p i c a l  m a c h i n e  [ 1 1 ] .  



 

If any single member of a directory host can force the 
selection of another host for an arbitrary op eration,  then a 
single maliciou s machine can comp romise system 
secu rity.   F arsite resists su ch attack s v ia cryp tograp hically 
secu re distribu ted random nu mber generation [ 5 ]  w hen 
determining v alu es for non- deterministic op erations.  

F iles are stored on file hosts,  w hich are u ndistingu ished 
machines in the system.   E v ery machine fu nctions as a file 
host,  as a comp onent of one or more directory hosts,  and 
as a local client.   F arsite p rov ides fou r p rop erties for the 
files that it stores in file hosts:  p riv acy,  integrity,  
reliability,  and av ailability.   D ata p riv acy is afforded by 
encryp tion,  and data integrity by one- w ay hash fu nctions 
and digital signatu res [ 3 0 ] .   R eliability ( data p ersistence)  
is p rov ided by mak ing mu ltip le rep licas of each file and 
storing the rep licas on different machines.   T he top ic of 
the p resent p ap er is file av ailability,  in the sense of a 
u ser’ s being able to access a file at the time it is req u ested.  

L ik e reliability,  file av ailability is p rov ided by storing 
mu ltip le file rep licas on different machines.   H ow ev er,  
w hereas the p robability of p ermanent data- loss failu re 
( su ch as disk  head crashes)  is assu med to be identical for 
all machines,  the p robability of transitory u nav ailability 
( su ch as a machine’ s being p ow ered off temp orarily)  has 
been show n to be heterogeneou s by a fiv e- w eek  series of 
hou rly measu rements of more than 5 0 , 0 0 0  desk top  
machines at M icrosoft [ 6 ] .   T his stu dy also conclu ded that 
the times at w hich different machines are u nav ailable 
ap p ear p redominantly u ncorrelated w ith each other.  

W e state av ailability as the negativ e decimal logarithm 
of the fraction of time a machine or file is inaccessible,  
yielding a u nit of “ nines. ”   F or ex amp le,  a machine w ith a 
fractional u p time of 0 . 9 9  has – log10 ( 1  –  0 . 9 9 )  =  2  nines of 
av ailability.   G iv en u ncorrelated machine dow ntimes,  the 
fraction of time a file is u nav ailable eq u als the p rodu ct of 
the fractional dow ntimes of the machines that store the 
file’ s rep licas.   T herefore,  ex p ressed logarithmically,  the 
av ailability of a file eq u als the su m of the av ailabilities of 
the machines that store the file’ s rep licas.  

F arsite monitors machine av ailability and p laces file 
rep licas to max imiz e the av ailability of files to u sers.   
F iles that a client has recently accessed are stored in a 
cache on the client machine;  files not recently accessed 
mu st be retriev ed from a remote file host.   S ince w e mak e 
no assu mp tions abou t the lik elihood of accesses to files 
not recently accessed,  w e set the file- p lacement obj ectiv e 
to be max imiz ing the su ccess p robability of accessing a 
random file at a random time.   W e ex p ress this obj ectiv e 
as the negativ e logarithm of the access failu re p robability,  
w hich w e call the effec tiv e sy stem  a v a ila b ility  ( E S A ) ,  
measu red in u nits of nines.   G iv en N  files each w ith 
av ailability a i,  E S A  can be calcu lated as:  

 ∑
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T his v alu e is dominated by low - av ailability files.   F or a 
giv en v alu e of mean file av ailability,  E S A  is max imiz ed 
by minimiz ing the file av ailability v ariance.  

3. A l g o r i t h m s  

T o be su itable for a secu re,  serv erless,  distribu ted file 
system,  a p lacement algorithm mu st hav e three p rop erties:  
• distribu ted –  D ecisions mu st be made by small machine 

grou p s w ithou t central coordination.   C ommu nication 
and storage mu st not grow  w ith the system siz e.  

• iterativ e –  T he algorithm mu st imp rov e an ex isting 
p lacement incrementally w ithou t req u iring a comp lete 
re- allocation of storage w hen conditions change.  

• randomiz ed –  S ecu rity req u ires that randomness driv e 
the selection of machines that determine a p lacement.  

W e thu s inv estigate a family of randomiz ed,  sw ap - based,  
hill- climbing algorithms.   A t a high lev el,  a directory host 
selects a file,  randomly selects another directory host 
( p ossibly itself)  w hich also selects a file,  and determines 
w hether it can bring the av ailability v alu es of the tw o files 
closer together by sw ap p ing machine locations of one 
rep lica from each file.   If so,  it p erforms the sw ap .   S w ap s 
can only be made if there is su fficient free sp ace on each 
machine to accep t the rep licas that are being relocated.  

W e inv estigate three algorithms:  ( 1 )  RAND- RAND ,  in 
w hich each directory host randomly selects a file,  ( 2 )  M I N-
RAND ,  in w hich one host selects its minimu m- av ailability 
file and the other selects a random file,  and ( 3 )  M I N- M AX ,  in 
w hich one host selects its minimu m- av ailability file and 
the other selects its max imu m- av ailability file.   R AND- RAND 
is the most general strategy,  so it rep resents a baseline for 
comp arison w ith the other algorithms.   M I N- RAND focu ses 
on low - av ailability files,  since they hav e the greatest 
imp act on E S A .   M I N- M AX  ex p loits the fact that high-
av ailability files afford the most op p ortu nity for imp rov ing 
low - av ailability files.  

4 . S i m u l a t e d  e n v i r o n m e n t  

O u r simu lated env ironment is an ap p rox imation of a 
real env ironment measu red for an initial stu dy of F arsite 
feasibility [ 6 ] .   W e simu late file p lacement on a set of 
5 1 , 6 6 2  machines for w hich w e hav e av ailability data giv en 
by a 5 - w eek  set of hou rly p ing snap shots.   T he cu mu lativ e 
distribu tion of machine av ailabilities,  show n in F igu re 1 ,  
is ap p rox imately u niform in the range of 0  to 3 . 0  nines.  
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Figu r e  1 .  M a c h in e  a v a il a b il it y  d is t r ib u t io n  



 

File sizes are governed by a binary lognormal 
dist ribu t ion w it h  m

(2)
  =  1 2 . 2  and s

(2)
  =  3 . 4 3  [ 1 1 ] .   W e 

simu lat e t h e p lac ement  of  2 , 5 8 3 , 1 0 0  f iles,  averaging 5 0  
f iles p er mac h ine.   T h is valu e is f ar smaller t h an it  w ou ld 
be in a real syst em,  bu t  w e c annot  signif ic ant ly inc rease it  
w it h ou t  ex c eeding t h e memory limit  of  t h e 5 1 2 - M B  
c omp u t er w e u se f or simu lat ion.   I n simu lat ions w it h  
smaller c ou nt s of  f iles p er mac h ine,  t h e algorit h ms do not  
ap p ear t o be sensit ive t o t h is valu e.   W e maint ain ex c ess 
st orage c ap ac it y in t h e syst em,  w it h ou t  w h ic h  it  w ou ld not  
be p ossible t o sw ap  f ile rep lic as of  dif f erent  sizes.   T h e 
mean valu e of  t h is ex c ess c ap ac it y is 1 0  %  of  eac h  
mac h ine' s st orage sp ac e,  and w e limit  f ile sizes t o less t h an 
t h is mean valu e p er mac h ine.  

A t  eac h  st ep ,  a p air of  f iles is selec t ed randomly.   T o 
ac c ou nt  f or t h e dist ribu t ed nat u re of  t h is selec t ion in a real 
syst em,  w e set  a selection range f or minimu m-  and 
max imu m- availabilit y f iles t o 2  % ,  t o be c onsist ent  w it h  a 
mean valu e of  5 0  f iles p er mac h ine.   I n ot h er w ords,  t h e 
" minimu m- availabilit y"  f ile is draw n f rom t h e set  of  f iles 
w it h  t h e low est  2  %  of  availabilit ies,  and t h e " max imu m-
availabilit y"  f ile is draw n f rom t h e set  of  f iles w it h  t h e 
h igh est  2  %  of  availabilit ies.  

W e begin eac h  simu lat ion ru n by p lac ing t h e f ile 
rep lic as randomly on mac h ines.   Figu re 2  sh ow s t h e 
dist ribu t ion of  f ile availabilit y w it h  random rep lic a 
p lac ement .   W it h  3  rep lic as,  t h e mean f ile availabilit y is 
4 . 4  nines;  p lac ing t h e rep lic as randomly yields an E S A  of  
2 . 2  nines.   W it h  4  rep lic as,  t h e mean f ile availabilit y is 5 . 9  
nines;  p lac ing t h e rep lic as randomly yields an E S A  of  2 . 9  
nines.   I n bot h  c ases,  t h e minimu m f ile availabilit y is near 
zero.   R andom p lac ement  t h u s mak es p oor u se of  t h e 
availabilit y of  t h e mac h ines in t h e syst em.  

5. T r a n s i e n t  A n a l y s i s  

Figu res 3  and 4  sh ow  t h e evolu t ion of  ef f ec t ive syst em 
availabilit y f or rep lic at ion f ac t ors of  3  and 4 ,  resp ec t ively,  
beginning w it h  a random p lac ement  and p rogressively 
ap p lying one of  t h e algorit h ms.   For t h ree rep lic as,  MIN-
MA X  ac h ieves a sligh t ly low er f inal E S A  t h an t h e ot h ers:   
For R  =  3 ,  E S A R R  =  E S A M R  =  4 . 4  and E S A M M  =  4 . 3 .   For 
R  =  4 ,  E S A  =  5 . 9  f or all algorit h ms.  

I n bot h  c ases,  t h e R A ND - R A ND  algorit h m mak es t h e 
slow est  imp rovement  t o E S A ,  w it h  a p rogress h alf - lif e of  
0 . 8 8  ( R  =  3 )  or 1 . 1  ( R  =  4 )  moves p er rep lic a.   M IN- R A ND  is 
c onsiderably f ast er,  w it h  a p rogress h alf - lif e of  0 . 1 2 .   M IN-

MA X  is t h e f ast est ,  w it h  a p rogress h alf - lif e of  0 . 0 6 .  
W e h ave at t emp t ed t o model t h e t ransient  E S A  c u rves 

in Figu res 3  and 4  w it h  ex p onent ial ap p rox imat ions.   T h e 
MIN- MA X  c u rves are w ell ap p rox imat ed ( R M S  error <  2  % )  
by an ex p onent ial w it h  a t ime c onst ant  of  0 . 0 9 3  moves p er 
rep lic a,  as sh ow n in Figu re 5 .   T h e MIN- R A ND  c u rves are 
w ell ap p rox imat ed by a 2 - st age h yp erex p onent ial w it h  a 
p rimary ( a  =  0 . 6 1 )  t ime c onst ant  of  0 . 0 9 3  and a sec ondary 
( 1  –  a  =  0 . 3 9 )  t ime c onst ant  of  0 . 7 6 ,  as sh ow n in Figu re 6 .  
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Figu r e  2 .  Fil e  a v a il a b il it y  d is t r ib u t io n  w it h  r a n d o m  p l a c e m e n t
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Figu r e  3 .  E S A  v s .  r e p l ic a  r e l o c a t io n s  ( R  =  3 )  
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Figu r e  4 .  E S A  v s .  r e p l ic a  r e l o c a t io n s  ( R  =  4 )  
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Figu r e  5 .  E S A  im p r o v e m e n t  v s .  r e l o c a t io n s  ( MIN- MA X )  



 

To  e x p l a i n  t h e  s u i t a b i l i t y  o f  e x p o n e n t i a l  f i t s  t o  t h e s e  
a l g o r i t h m i c  p r o g r e s s i o n s ,  w e  o f f e r  t h e  f o l l o w i n g  
c o n j e c t u r e s :   A g g r e s s i v e  h i l l  c l i m b i n g  a l g o r i t h m s ,  s u c h  a s  
MIN- MA X ,  t e n d  t o  f o l l o w  d e c a y  c u r v e s  b e c a u s e  t h e y  m a k e  
t h e  b e s t  a v a i l a b l e  i m p r o v e m e n t  a t  e a c h  s t e p ,  a n d  o v e r  
t i m e ,  t h e  q u a l i t y  o f  r e m a i n i n g  a v a i l a b l e  i m p r o v e m e n t s  
d e c r e a s e s  a s  t h e  g o o d  o n e s  a r e  u s e d  u p .   Th e s e  d e c a y  
c u r v e s  t e n d  t o  b e  e x p o n e n t i a l  b e c a u s e  e a c h  i n c r e m e n t  
a f f e c t s  a  f i x e d - s i z e  f r a c t i o n  o f  t h e  s y s t e m  ( i . e . ,  o n e  p a i r  o f  
f i l e s ) ,  s o  a t  e a c h  s t e p ,  t h e  r e a l i z e d  i m p r o v e m e n t  i s  
p r o p o r t i o n a l  t o  t h e  r e m a i n i n g  p o t e n t i a l  i m p r o v e m e n t .  

Th e  a g g r e s s i v e n e s s  o f  i t e r a t i v e  i m p r o v e m e n t  i s  
s u b s t a n t i a l l y  r e d u c e d  b y  s w a p p i n g  t h e  m i n i m u m -
a v a i l a b i l i t y  f i l e  w i t h  a  r a n d o m  f i l e  ( MIN- R A ND )  i n s t e a d  o f  
w i t h  t h e  m a x i m u m - a v a i l a b i l i t y  f i l e  ( MIN- MA X ) ,  t h e r e b y  
i n t r o d u c i n g  w i d e  v a r i a t i o n  i n t o  t h e  q u a l i t y  o f  i m p r o v e m e n t  
s t e p s .   C o n s e q u e n t l y ,  r a t h e r  t h a n  i n c r e a s i n g  t h e  t i m e  
c o n s t a n t  o f  t h e  e x p o n e n t i a l  p r o g r e s s i o n ,  MIN- R A ND  r e t a i n s  
t h e  s a m e  e x p o n e n t i a l  t i m e  c o n s t a n t  a s  MIN- MA X  ( 0 . 0 9 3 )  a n d  
a d d s  a  s e c o n d  e x p o n e n t i a l  s t a g e  w i t h  a n  o r d e r - o f -
m a g n i t u d e  g r e a t e r  t i m e  c o n s t a n t  ( 0 . 7 6 ) .   Th e  m i x i n g  
c o e f f i c i e n t ,  a ,  d e s c r i b e s  t h e  c o m b i n a t i o n  o f  t i m e  c o n s t a n t s  
t k .   To  e x p r e s s  t h i s  i n s t e a d  a s  t h e  m i x i n g  o f  i m p r o v e m e n t  
r a t e s ,  w e  f i n d  a  c o e f f i c i e n t  b  b y  s o l v i n g  t h e  f o l l o w i n g  
e q u a t i o n :  
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Th e  r e s u l t ,  b  =  0 . 1 6 ,  c a n  b e  i n t e r p r e t e d  a s  a  b i n a r y  
a p p r o x i m a t i o n  o f  t h e  c o n t i n u u m  o f  s t e p  q u a l i t y  r e s u l t i n g  
f r o m  r a n d o m  s e l e c t i o n  o f  o n e  o f  t h e  f i l e s  t o  s w a p :   E a c h  
s t e p  h a s  a  0 . 1 6  p r o b a b i l i t y  o f  b e i n g  g o o d  ( i m p r o v i n g  w i t h  
a  t i m e  c o n s t a n t  o f  0 . 0 9 3 )  a n d  a  0 . 8 4  p r o b a b i l i t y  o f  b e i n g  
m e d i o c r e  ( i m p r o v i n g  w i t h  a  t i m e  c o n s t a n t  o f  0 . 7 6 ) .  

Th e  R A ND - R A ND  p r o g r e s s i o n  d o e s  n o t  a p p e a r  t o  f o l l o w  a  
h y p e r e x p o n e n t i a l  a t  a l l .   I n s t e a d ,  i t  a p p e a r s  n e a r l y  l i n e a r  t o  
a r o u n d  1 . 5  m o v e s  p e r  r e p l i c a  b e f o r e  i t  s t a r t s  t a p e r i n g  o f f .   
S i n c e  t h e  r e p l i c a  r e l o c a t i o n s  t h a t  m o s t  a f f e c t  t h e  e f f e c t i v e  
s y s t e m  a v a i l a b i l i t y  a r e  t h o s e  o f  l o w - a v a i l a b i l i t y  f i l e s ,  i t  i s  
l i k e l y  t h a t  m a n y  o f  t h e  R A ND - R A ND  s w a p s  b a r e l y  a f f e c t  t h e  
E S A .   A s  a  c o n s e q u e n c e ,  t h e  i m p r o v e m e n t  p e r  s t e p  i s  n o t  
h e a v i l y  d e p e n d e n t  u p o n  t h e  n u m b e r  o f  i m p r o v e m e n t s  
m a d e  u p  t o  t h a t  p o i n t .  

6. D y n a m i c  b e h a v i o r  

Th e  r e s u l t s  i n  S e c t i o n  5  s h o w e d  s i g n i f i c a n t  s p e e d  
d i f f e r e n c e s  a m o n g  t h e  a l g o r i t h m s .   I n  t h e  p r e s e n t  s e c t i o n ,  
w e  s e e k  t o  u n d e r s t a n d  t h e  c a u s e  o f  t h e s e  d i f f e r e n c e s  b y  
e x a m i n i n g  t h e  a l g o r i t h m s ’  d y n a m i c  b e h a v i o r .   E a c h  s w a p  
c h a n g e s  t h e  a v a i l a b i l i t i e s  o f  t h e  t w o  f i l e s  t h a t  e x c h a n g e  
r e p l i c a  l o c a t i o n s .   F o r  e v e r y  c h a n g e  t o  a  f i l e ’ s  a v a i l a b i l i t y  
i n  t h e  p l a c e m e n t  p r o g r e s s i o n ,  w e  r e c o r d  t h e  a v a i l a b i l i t y  o f  
t h e  f i l e  b e f o r e  i t  i s  c h a n g e d  ( t h e  source availability A S )  
a n d  t h e  a v a i l a b i l i t y  o f  t h e  f i l e  a f t e r  i t  i s  c h a n g e d  ( t h e  
targ et availability A T ) .   W e  t h e n  p l o t  t h e  t a r g e t  a v a i l a b i l i t y  
v e r s u s  t h e  s o u r c e  a v a i l a b i l i t y  o f  e v e r y  c h a n g e ,  a s  a  d e n s i t y  
p l o t  o n  a  t w o - d i m e n s i o n a l  g r i d  ( e . g . ,  F i g u r e  7 ) .  

W e  d i v i d e  t h e  d e n s i t y  p l o t  i n t o  q u a d r a n t s  i n  a  n o n -
s t a n d a r d  w a y :   Th e  a x e s  a r e  r o t a t e d  b y  4 5 ∞  f r o m  t h e  
C a r t e s i a n  a x e s ,  a n d  t h e y  i n t e r s e c t  a t  a  p o i n t  w h o s e  
a b s c i s s a  a n d  o r d i n a t e  b o t h  e q u a l  t h e  m e a n  f i l e  a v a i l a b i l i t y  
A m.   W e  r e f e r  t o  t h e  a x i s  f o r  w h i c h  t h e  s o u r c e  a n d  t a r g e t  
a v a i l a b i l i t i e s  a r e  i d e n t i c a l  a s  t h e  id en tity ax is;  p o i n t s  a l o n g  
t h i s  a x i s  i n d i c a t e  z e r o  c h a n g e  t o  a  f i l e ’ s  a v a i l a b i l i t y .   W e  
r e f e r  t o  t h e  o t h e r  a x i s  a s  t h e  com p lem en tary ax is;  p o i n t s  
a l o n g  t h i s  a x i s  i n d i c a t e  a  c h a n g e  t h a t  m a i n t a i n s  t h e  
m a g n i t u d e  b u t  r e v e r s e s  t h e  s i g n  o f  t h e  d i f f e r e n c e  b e t w e e n  
a  f i l e ’ s  a v a i l a b i l i t y  a n d  t h e  m e a n  f i l e  a v a i l a b i l i t y .  

Th e  u t i l i t y  o f  a  c h a n g e  c a n  b e  e v a l u a t e d  b y  c o m p a r i n g  
t h e  a b s o l u t e  d i f f e r e n c e  b e t w e e n  t h e  m e a n  f i l e  a v a i l a b i l i t y  
a n d  t h e  f i l e ’ s  a v a i l a b i l i t y  b e f o r e  t h e  c h a n g e  t o  t h e  a b s o l u t e  
d i f f e r e n c e  b e t w e e n  t h e  m e a n  f i l e  a v a i l a b i l i t y  a n d  t h e  f i l e ’ s  
a v a i l a b i l i t y  a f t e r  t h e  c h a n g e :  
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Th e  u t i l i t y  o f  a  c h a n g e  i s  h i g h  i f  i t  s u c c e e d s  i n  b r i n g i n g  
t h e  a v a i l a b i l i t y  o f  t h e  f i l e  s i g n i f i c a n t l y  c l o s e r  t o  t h e  m e a n  
f i l e  a v a i l a b i l i t y .   Th e  u t i l i t y  i s  n e g a t i v e  i f  i t  t a k e s  t h e  
a v a i l a b i l i t y  o f  t h e  f i l e  a w a y  f r o m  t h e  m e a n  f i l e  
a v a i l a b i l i t y .   A  f i l e  c a n  u n d e r g o  a  n e g a t i v e  u t i l i t y  c h a n g e  
w h e n  o n e  o f  i t s  r e p l i c a s  i s  s w a p p e d  w i t h  a  r e p l i c a  o f  
a n o t h e r  f i l e  t h a t  i n c u r s  a  p o s i t i v e  u t i l i t y  c h a n g e  o f  g r e a t e r  
m a g n i t u d e .   A v a i l a b i l i t y  c h a n g e s  i n  t h e  l e f t  a n d  r i g h t  
q u a d r a n t s  h a v e  p o s i t i v e  u t i l i t y ,  a n d  t h o s e  i n  t h e  u p p e r  a n d  
l o w e r  q u a d r a n t s  h a v e  n e g a t i v e  u t i l i t y .  
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Figu r e  6 .  E S A  im p r o v e m e n t  v s .  r e l o c a t io n s  ( MIN- R A ND )  
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Figu r e  7 .  Fil e  a v a il a b il it y  c h a n ge  d e n s it y  ( R A ND - R A ND ,  R  =  3 )  



 

Figu r e  7  is  a  d e n s it y  p l o t  o f  f il e  a v a il a b il it y  c h a n ge s  
d u r in g t h e  e x e c u t io n  o f  t h e  RAND- RAND a l go r it h m  f o r  R  =  3 .   
T h e  p l o t  f o r  R  =  4  ( n o t  s h o w n )  is  s u b s t a n t ia l l y  s im il a r .   
T h e  v a s t  m a j o r it y  o f  p o in t s  a r e  c o n f in e d  w it h in  t h e  d a s h e d  
p a r a l l e l o gr a m .   E x c e e d in g t h e  h o r iz o n t a l  b o u n d s  AT =  2 . 8  
o r  AT =  6 . 0  r e q u ir e s  a n  e x t r e m e l y  l o w  o r  h igh  t a r ge t  
a v a il a b il it y ,  w h ic h  r e q u ir e s  a n  e v e n  m o r e  e x t r e m e  s o u r c e  
a v a il a b il it y ,  e it h e r  o f  t h e  f il e  it s e l f  ( in  t h e  l e f t  a n d  r igh t  
q u a d r a n t s )  o r  o f  t h e  f il e  w it h  w h ic h  it  is  s w a p p e d  ( in  t h e  
u p p e r  a n d  l o w e r  q u a d r a n t s ) .   S u c h  e x t r e m e  f il e s  a r e  r a r e .  

N o  p o in t s  l ie  o u t s id e  t h e  d ia go n a l  b o u n d s  AT  =  A S  +  3 . 0  
a n d  AT  =  A S  –  3 . 0 .   I t  is  n o t  p o s s ib l e  t o  c h a n ge  a  f il e ’ s  
a v a il a b il it y  b y  m o r e  t h a n  3  n in e s  in  a  s in gl e  s w a p ,  b e c a u s e  
t h e  r e p l ic a  a v a il a b il it y  r a n ge  is  o n l y  3  n in e s .   S in c e  f il e s  
a r e  s e l e c t e d  a t  r a n d o m ,  f e w  s w a p s  a r e  b e t w e e n  e x t r e m e  
f il e s ,  s o  m o s t  a v a il a b il it y  c h a n ge s  a r e  w it h in  t w o  n in e s .  

Figu r e  8  is  a  d e n s it y  p l o t  o f  f il e  a v a il a b il it y  c h a n ge s  
d u r in g t h e  e x e c u t io n  o f  t h e  M I N- RAND  a l go r it h m  f o r  R  =  3 .   
T h e  p l o t  f o r  R  =  4  ( n o t  s h o w n )  is  s u b s t a n t ia l l y  s im il a r .   
T h e  d a s h e d  p a r a l l e l o gr a m  is  t h e  s a m e  a s  t h a t  in  Figu r e  7 ,  
b u t  t h e  d a r k  r e gio n  is  n e a r e r  t o  t h e  d ia go n a l  b o u n d s ,  
in d ic a t in g a  w id e r  r a n ge  o f  a v a il a b il it y  c h a n ge s ,  s in c e  t h e  
m e a n  a v a il a b il it y  d is t a n c e  b e t w e e n  a  r e p l ic a  o f  t h e  
m in im u m  f il e  a n d  a  r e p l ic a  o f  a  r a n d o m  f il e  is  gr e a t e r  t h a n  
t h a t  b e t w e e n  r e p l ic a s  o f  t w o  r a n d o m  f il e s .  

Figu r e  8  d if f e r s  f r o m  Figu r e  7  in  s e v e r a l  w a y s .   T h e  
r igh t  h a l f  o f  t h e  u p p e r  q u a d r a n t  c o n t a in s  n o  p o in t s ;  t h e s e  
w o u l d  in d ic a t e  im p r o v e m e n t s  t o  f il e s  w it h  a b o v e - m e a n  
a v a il a b il it ie s ,  b u t  M I N- RAND  o n l y  im p r o v e s  t h e  m in im u m -
a v a il a b il it y  f il e .   Fe w  p o in t s  in  t h e  r igh t  q u a d r a n t  l ie  n e a r  
t h e  id e n t it y  a x is  b e y o n d  6  n in e s ;  t h e s e  w o u l d  in d ic a t e  
s m a l l  d e c r e a s e s  t o  f il e s  w it h  a b o v e - m e a n  a v a il a b il it y ,  b u t  
t h is  r e q u ir e s  s w a p p in g r e p l ic a s  w it h  s im il a r  a v a il a b il it y  
v a l u e s ,  w h ic h  a r e  u n l ik e l y  in  a  m in im u m - a v a il a b il it y  f il e .   
T h e r e  a r e  m o r e  p o in t s  b e l o w  AT =  2 . 8  n e a r  t h e  id e n t it y  
a x is ,  in d ic a t in g s w a p s  b e t w e e n  t w o  l o w - a v a il a b il it y  f il e s ,  
w h ic h  a r e  m o r e  l ik e l y  w it h  M I N- RAND  t h a n  RAND- RAND,  s in c e  
o n e  o f  t h e  s w a p p e d  f il e s  a l w a y s  h a s  m in im u m  a v a il a b il it y .  

Figu r e  9  is  a  d e n s it y  p l o t  o f  f il e  a v a il a b il it y  c h a n ge s  
d u r in g t h e  e x e c u t io n  o f  t h e  M I N- M AX  a l go r it h m  f o r  R  =  3 .   
T h e  d a s h e d  p a r a l l e l o gr a m  is  t h e  s a m e  a s  t h a t  in  Figu r e  7 .   
T h e  d a r k  r e gio n  m e e t s  t h e  d ia go n a l  b o u n d s ,  in d ic a t in g t h e  

f u l l  r a n ge  o f  p o s s ib l e  a v a il a b il it y  c h a n ge s ,  b e c a u s e  t h e  
m in im u m -  a n d  m a x im u m - a v a il a b il it y  f il e s  a r e  l ik e l y  t o  
h a v e  r e p l ic a s  w it h  e x t r e m a l  a v a il a b il it y  v a l u e s .  

T h e r e  a r e  f e w  p o in t s  in  t h e  u p p e r  a n d  l o w e r  q u a d r a n t s ,  
a n d  a l l  s u c h  p o in t s  l ie  n e a r  t h e  c o m p l e m e n t a r y  a x is .   A  
r e p l ic a  s w a p  b e t w e e n  t h e  m in im u m -  a n d  m a x im u m -
a v a il a b il it y  f il e s  c a n  o n l y  in c r e a s e  t h e  f o r m e r  a n d  d e c r e a s e  
t h e  l a t t e r ,  a n d  it  is  r a r e  t h a t  t h is  in c r e a s e  o r  d e c r e a s e  is  
s u f f ic ie n t  t o  w id e n  t h e  a b s o l u t e  d if f e r e n c e  b e t w e e n  e it h e r  
f il e ’ s  a v a il a b il it y  a n d  t h e  m e a n  f il e  a v a il a b il it y  

T h e r e  a r e  n o  p o in t s  b e t w e e n  s o u r c e  a v a il a b il it ie s  o f  3 . 9  
a n d  4 . 9  n in e s ,  s in c e  f o r  R =  3 ,  M I N- M AX  f r e e z e s  a t  a  l o c a l  
m in im u m ,  w h e r e  a l l  f il e s  in  t h e  2  %  s e l e c t io n  r a n ge  h a v e  
a v a il a b il it ie s  b e y o n d  t h e s e  v a l u e s .  

Figu r e  1 0  is  a  d e n s it y  p l o t  o f  f il e  a v a il a b il it y  c h a n ge s  
d u r in g t h e  e x e c u t io n  o f  t h e  M I N- M AX  a l go r it h m  f o r  R  =  4 .   
A s id e  f r o m  s e v e r a l  d if f e r e n c e s  in  s c a l e ,  t h is  p l o t  is  s im il a r  
t o  t h a t  f o r  R  =  3 ,  w it h  t h e  e x c e p t io n  o f  p o in t s  n e a r  t h e  
o r igin  ( 5 . 9 ,  5 . 9 )  o f  t h e  p l o t ,  s in c e  M I N- M AX  d o e s  n o t  f r e e z e  
a t  a  n o t ic e a b l y  s u b - o p t im a l  l o c a l  m in im u m  w h e n  R  =  4 .  

I n  s u m m a r y ,  M I N- M AX  a c h ie v e s  it s  h igh  r a t e  o f  
a v a il a b il it y  im p r o v e m e n t  b y  a v o id in g r e l o c a t io n s  t h a t  
h a v e  n e ga t iv e  u t il it y .   Fo r  t h e  o t h e r  t w o  a l go r it h m s ,  o n e  
q u a r t e r  o f  a l l  r e l o c a t io n s  h a v e  n e ga t iv e  u t il it y ,  w h ic h  
r e t a r d s  t h e  a l go r it h m s ’  im p r o v e m e n t s  t o  e f f e c t iv e  s y s t e m  
a v a il a b il it y .  
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Figu r e  8 .  Fil e  a v a il a b il it y  c h a n ge  d e n s it y  ( MIN- R A ND ,  R  =  3 )  
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Figu r e  9 .  Fil e  a v a il a b il it y  c h a n ge  d e n s it y  ( MIN- MA X ,  R  =  3 )  
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Figu r e  1 0 .  Fil e  a v a il a b il it y  c h a n ge  d e n s it y  ( MIN- MA X ,  R  =  4 )  



 

7. P l a c e m e n t  d e t a i l s  

The results in Section 5 showed minor differences 
a mong  the a lg orithms with reg a rd to the fina l E SA  ea ch 
could a chiev e.   I n the p resent section,  we p rob e further b y  
ex a mining  the distrib ution of file a v a ila b ilities a nd of the 
rep lica s tha t comp ose ea ch file.   W e a lso comp a re the 
p la cements a chiev ed b y  ea ch a lg orithm to worst- ca se 
p la cements found throug h theoretic a na ly sis [ 1 3 ] .   The 
metric used for determining  the theoretic worst ca se is the 
a v a ila b ility  of the minimum file,  ra ther tha n the effectiv e 
sy stem a v a ila b ility .   O ur definition of the la tter ( E q ua tion 
1 )  a ssumes tha t file a ccesses a re not correla ted to file 
a v a ila b ility ,  b ut if low- a v a ila b ility  files ha p p en to b e v ery  
p op ula r,  then the minimum file a v a ila b ility  a t lea st p la ces 
a  ha rd lower b ound on the true sy stem a v a ila b ility .  

Theoretic p la cements use the uniform a p p rox ima tion of 
ma chine a v a ila b ility  illustra ted in F ig ure 1 .   W e illustra te 
worst- ca se p la cements of 50  files,  since this is the count of 
files p er ma chine in our simula tion.  

F or the rep lica s,  the v ertica l a x is is q ua ntiz ed in step s 
of siz e 0 . 1  nines to a g g reg a te files with simila r rep lica  
b rea k downs.   F iles a re sorted horiz onta lly  in increa sing  
order of rep lica  a v a ila b ility ,  from the most a v a ila b le 
rep lica  ( 0 )  to the lea st a v a ila b le rep lica  ( R –  1 ) .   D ensities 
a re shown cumula tiv ely ,  so the freq uency  of a  p a rticula r 
config ura tion ca n b e found b y  dra wing  v ertica l lines a t 
ea ch end of a  reg ion a nd ta k ing  the difference b etween the 

cumula tiv e density  v a lues of the two p oints.   F or ex a mp le,  
in F ig ure 1 1 ,  there is a  reg ion ( a b out 3  millimeters wide)  
b etween cumula tiv e densities 0 . 4 5 a nd 0 . 50 ,  which shows 
file a v a ila b ility  of 4 . 4  a nd rep lica  a v a ila b ilities of 2 . 6 ,  1 . 6 ,  
a nd 0 . 1  ( a n inex a ct sum since the v ertica l a x is is q ua ntiz ed 
for rep lica s b ut not for files) ,  mea ning  5 %  ( =  0 . 50  –  0 . 4 5)  
of a ll files ha v e this p a rticula r rep lica  a v a ila b ility  ma k eup .  

F ig ure 1 1  illustra tes the p la cement a chiev ed b y  RAND-
RAND when R =  3 .   The p la cement for R =  4  ( not shown)  is 
sub sta ntia lly  simila r.   W hen the a lg orithm freez es,  a ll file 
a v a ila b ilities a re tig htly  distrib uted in the ra ng e 4 . 4  to 4 . 5 
nines.   F ig ure 1 2  shows a  theoretic worst- ca se p la cement 
for RAND- RAND,  in which the minimum file a v a ila b ility  ( a t 
the left edg e of the g ra p h)  is 4 . 0  nines.   A t this p oint,  no 
rep lica  ex cha ng e b etween a ny  p a ir of files reduces the 
a b solute a v a ila b ility  difference b etween the files.  

F ig ure 1 3  illustra tes the p la cement a chiev ed b y  M I N-
RAND when R =  3 .   The p la cement for R =  4  ( not shown)  is 
sub sta ntia lly  simila r.   W hen the a lg orithm freez es,  the 
minimum file a v a ila b ility  is 4 . 4  nines,  a nd 9 8  %  of files 
ha v e a v a ila b ilities no g rea ter tha n 4 . 5 nines.   The ta ils 
p rotruding  up wa rd from the ma in ma ss of file 
a v a ila b ilities a re a  conseq uence of M I N- RAND ’ s a ttention to 
low- a v a ila b ility  files ov er hig h- a v a ila b ility  files.   F ig ure 
1 4  shows a  theoretic worst- ca se p la cement for M I N- RAND,  
in which the minimum file a v a ila b ility  ( a t the rig ht edg e of 
the g ra p h)  is 3 . 7  nines.   This is a  fa r more comp lex  
p la cement tha n the worst- ca se p la cement for RAND- RAND .  
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Figu r e  1 1 .  S im u l a t e d  r e p l ic a  p l a c e m e n t  ( RAND- RAND,  R  =  3 )  
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Figu r e  1 2 .  W o r s t - c a s e  r e p l ic a  p l a c e m e n t  ( RAND- RAND,  R  =  3 )  
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Figu r e  1 3 .  S im u l a t e d  r e p l ic a  p l a c e m e n t  ( M I N- RAND,  R  =  3 )  
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Figu r e  1 4 .  W o r s t - c a s e  r e p l ic a  p l a c e m e n t  ( M I N- RAND,  R  =  3 )  



 

Figu r e  1 5  il l u s t r a t e s  t h e  f il e  p l a c e m e n t  a c h ie v e d  b y  MIN-
MA X  w h e n  R  =  3 ,  w h ic h  is  d r a m a t ic a l l y  d if f e r e n t  t h a n  t h e  
p l a c e m e n t s  f o r  t h e  o t h e r  a l go r it h m s .   W h e n  t h e  a l go r it h m  
f r e e z e s ,  f il e  a v a il a b il it ie s  a r e  d is t r ib u t e d  t h r o u gh o u t  t h e  
w id e  r a n ge  f r o m  3 . 9  t o  4 . 9  n in e s ,  b u t  2  %  o f  f il e s  h a v e  
a v a il a b il it ie s  a b o v e  t h is  r a n ge ,  a n d  a n o t h e r  2  %  a r e  b e l o w .   
N o n e  o f  t h e  f il e s  w it h in  t h e  2  %  u p p e r  s e l e c t io n  r a n ge  c a n  
b e  s w a p p e d  w it h  a n y  o f  t h e  f il e s  in  t h e  2  %  l o w e r  
s e l e c t io n  r a n ge  t o  d e c r e a s e  t h e ir  a b s o l u t e  a v a il a b il it y  
d if f e r e n c e .   T h e  m in im u m  f il e  a v a il a b il it y  is  3 . 4  ( a n d  t h e  
m a x im u m  is  5 . 9 ) .   Figu r e  1 6  s h o w s  a  t h e o r e t ic  w o r s t - c a s e  
p l a c e m e n t  f o r  MIN- MA X  w h e n  R  =  3 ,  in  w h ic h  t h e  m in im u m  
f il e  a v a il a b il it y  ( a t  t h e  l e f t  e d ge  o f  t h e  gr a p h )  is  2 . 7  n in e s .  

Figu r e  1 7  il l u s t r a t e s  t h e  f il e  p l a c e m e n t  a c h ie v e d  b y  MIN-
MA X  w h e n  R  =  4 ,  w h ic h  a p p e a r s  m o r e  s im il a r  t o  t h e  o t h e r  
a l go r it h m s  t h a n  it  d o e s  t o  MIN- MA X  w h e n  R  =  3 .   W h e n  t h e  
a l go r it h m  f r e e z e s ,  a l l  f il e  a v a il a b il it ie s  e q u a l  5 . 9 ,  w h ic h  is  
e x t r e m e l y  t igh t .   Figu r e  1 8  s h o w s  a  t h e o r e t ic  w o r s t - c a s e  
p l a c e m e n t  f o r  MIN- MA X  w h e n  R  =  4 ,  in  w h ic h  t h e  m in im u m  
f il e  a v a il a b il it y  ( a t  t h e  r igh t  e d ge  o f  t h e  gr a p h )  is  3 . 3 .  

I n  s u m m a r y ,  MIN- MA X  h a s  a  b a d  w o r s t - c a s e  p l a c e m e n t ,  
a n d  f o r  R  =  3 ,  s im u l a t io n  y ie l d s  a  w e a k  p l a c e m e n t  w h e n  
j u d ge d  b y  t h e  m e t r ic  o f  m in im u m  f il e  a v a il a b il it y ,  w h ic h  
is  im p o r t a n t  if  t h e  a s s u m p t io n  o f  u n if o r m  a c c e s s  p a t t e r n s  
t u r n s  o u t  t o  b e  s ign if ic a n t l y  in c o r r e c t .   T h e  w o r s t  c a s e  f o r  
MIN- R A ND  is  s ign if ic a n t l y  b e t t e r ,  a n d  t h a t  f o r  R A ND - R A ND  is  
b e t t e r  s t il l .   B o t h  o f  t h e s e  a l go r it h m s  a c h ie v e  go o d  
a v a il a b il it y  d is t r ib u t io n s  u n d e r  s im u l a t io n .  

8. M a c h i n e  f a i l u r e  c o r r e l a t i o n  

T o  a s s e s s  o u r  a s s u m p t io n  t h a t  m a c h in e  d o w n t im e s  a r e  
s u f f ic ie n t l y  u n c o r r e l a t e d  t o  c a l c u l a t e  f il e  a v a il a b il it y  a s  t h e  
s u m  o f  r e p l ic a  a v a il a b il it ie s ,  w e  p e r io d ic a l l y  in t e r r u p t  t h e  
t r a n s ie n t  p r o gr e s s io n s  o f  Figu r e s  3  a n d  4  t o  c a l c u l a t e  t h e  
a c t u a l  d o w n t im e  o f  e a c h  f il e ,  b a s e d  o n  t h e  v e c t o r s  o f  p in g 
r e s p o n s e s  o f  t h e  m a c h in e s  h o l d in g r e p l ic a s  o f  t h e  f il e .   T h e  
n e ga t iv e  d e c im a l  l o ga r it h m  o f  t h e  m e a n  f il e  d o w n t im e  is  
t h e  a c t u a l  E S A  o f  t h e  p l a c e m e n t .   Figu r e  1 9  p l o t s  t h is  
a c t u a l  E S A  v e r s u s  t h e  E S A  a s  e s t im a t e d  f r o m  s u m m in g 
r e p l ic a  a v a il a b il it ie s .   T h e  v a l u e s  m a t c h  w it h in  3  %  u p  t o  5  
n in e s  b u t  d iv e r ge  b y  n e a r l y  1 0  %  f o r  l a r ge r  v a l u e s .  
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Figu r e  1 5 .  S im u l a t e d  r e p l ic a  p l a c e m e n t  ( MIN- MA X ,  R  =  3 )  
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Figu r e  1 6 .  W o r s t - c a s e  r e p l ic a  p l a c e m e n t  ( MIN- MA X ,  R  =  3 )  
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Figu r e  1 7 .  S im u l a t e d  r e p l ic a  p l a c e m e n t  ( MIN- MA X ,  R  =  4 )  
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Figu r e  1 8 .  W o r s t - c a s e  r e p l ic a  p l a c e m e n t  ( MIN- MA X ,  R  =  4 )  
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Figu r e  1 9 .  A c t u a l  c a l c u l a t e d  E S A  v s .  l in e a r l y  e s t im a t e d  E S A  



 

Figure 19 also shows a second- order p oly nom ial m odel 
of  t he relat ionship  b et ween act ual and est im at ed E S A ,  as 
det erm ined b y  a least - sq uares f it .   T he f it t ed eq uat ion is:  

 84.0ESA5.1ESA078.0AES
2

−+−=′  ( 4 )

T hese result s suggest  t hat  R =  4  b egins t o ex ceed t he 
lim it  of  m achine f ailure indep endence.  

9. R e l a t e d  w o r k  

I n t he Farsit e env ironm ent ,  t he m ain cause of  m achine 
unav ailab ilit y  is users’  t urning of f  t heir m achines [ 6 ] ,  
rat her t han m achine f ailures or net work  p art it ions.   I n 
sy st em s b uilt  of  dedicat ed com p onent s,  underst anding t he 
causes of  m achine f ailure [ 2 2 ]  can b e used in com p onent -
b ased reliab ilit y  analy sis [ 3 4 ]  t o ev aluat e a dist rib ut ed 
sy st em ’ s av ailab ilit y .   D if f erent  analy sis st rat egies [ 4 ,  2 8 ]  
are ap p rop riat e f or sy st em s p rone t o net work  p art it ions,  
where result s [ 2 9]  indicat e t hat  rep licat ion cannot  im p rov e 
f ile av ailab ilit y  b y  m ore t han log10 ( 1/ 2 )  ª 0 . 3  nines.   
S y st em  av ailab ilit y  is lim it ed b y  highly  correlat ed f ailures 
such as sit e- wide p ower out ages,  b ut  t echniq ues f or 
dealing wit h such issues [ 19]  are ort hogonal t o our work .  

I n Farsit e,  consist ency  is m aint ained b y  a dist rib ut ed 
direct ory  serv ice using a B y z ant ine f ault - t olerant  p rot ocol 
[ 9] .   U p dat es t o f iles are p rop agat ed laz ily  f rom  t he client  
m achine t hat  p erf orm s t he m odif icat ion t o t he m achines 
t hat  st ore rep licas.   T hus,  we do not  em p loy  consist ency  
p rot ocols [ 1,  16 ,  2 0 ,  2 1]  am ong m achines st oring rep licas.  

S om e earlier work  on f ile p lacem ent  f ocused on access 
load b alancing [ 7 ,  3 3 ]  rat her t han av ailab ilit y .   O t hers 
addressed av ailab ilit y  [ 2 5 ]  b ut  not  aut om at ed rep lica 
p lacem ent .   A  signif icant  b ody  of  work  concerns f ile 
m igrat ion [ 8 ,  15 ,  2 4 ,  3 1] ,  relocat ing rep licas t o m achines 
near p oint s of  high usage,  whereas we ex p licit ly  ignore 
geograp hic issues b ecause in Farsit e’ s t arget  env ironm ent ,  
all m achines are int erconnect ed b y  a low- lat ency  net work .   
M cC ue and L it t le [ 2 6 ]  sim ulat ed a rep lica p lacem ent  
algorit hm  t hat  y ields signif icant ly  great er av ailab ilit y  t han 
random  p lacem ent  b ut  which req uires glob al coordinat ion.  

O t her serv erless dist rib ut ed f ile sy st em s include x FS  
[ 2 ]  and Frangip ani [ 3 2 ] ,  which p rov ide high av ailab ilit y  
and reliab ilit y  t hrough dist rib ut ed R A I D  rat her t han f ull 
rep licat ion.   A rchiv al I nt erm em ory  [ 18 ]  and O ceanS t ore 
[ 2 3 ]  use erasure codes and widesp read dist rib ut ion t o 
av oid dat a loss.   T he E t ernit y  S erv ice [ 3 ]  uses rep licat ion 
in a v ery  wide scale t o p rev ent  loss ev en under organiz ed 
at t ack ,  b ut  does not  address aut om at ed p lacem ent  of  dat a 

rep licas.   N ap st er [ 2 7 ]  and G nut ella [ 17 ]  p rov ide serv ices 
f or f inding f iles b ut  do not  ex p licit ly  rep licat e f iles nor 
det erm ine st orage locat ions.   Freenet  [ 10 ]  generat es and 
relocat es rep licas near p oint s of  usage.  

I n addit ion t o t he current  p ap er,  our work  on f ile rep lica 
p lacem ent  includes com p et it iv e analy sis [ 12] ,  t heoret ic 
analy sis using an analy t ic m odel of  m achine av ailab ilit y  
[ 13] ,  and an ex p lorat ion of  sy st em s issues [ 14] .  

1 0 . S u m m a r y  a n d  c o n c l u s i o n s  

Farsit e is a secure,  serv erless,  highly  scalab le,  f ully  
dist rib ut ed f ile sy st em  t hat  p rov ides high degrees of  f ile 
reliab ilit y  and av ailab ilit y  b y  rep licat ing f iles and st oring 
t he rep licas on m ult ip le desk t op  m achines.   T he sy st em  
m onit ors m achine av ailab ilit y  and p laces f ile rep licas t o 
m ax im iz e ef f ect iv e sy st em  av ailab ilit y ,  using a dist rib ut ed 
hill- clim b ing algorit hm  t hat  successiv ely  ex changes t he 
m achine locat ions of  t wo f ile rep licas.   L arge- scale 
sim ulat ion of  t hree candidat e p lacem ent  algorit hm s using 
m achine av ailab ilit y  dat a f rom  ov er 5 0 , 0 0 0  desk t op  
com p ut ers y ields t he result s sum m ariz ed in T ab le 1.   T he 
t heoret ic result s are f or t hree f ile rep licas,  and sim ulat ion 
result s are f or t he worse of  t hree or f our rep licas.  

W hen v iewed f rom  t he p ersp ect iv e of  algorit hm ic 
ef f iciency ,  MIN- MA X  is t he b est  of  t hese algorit hm s:   I t  
im p rov es t he ef f ect iv e sy st em  av ailab ilit y  wit h a p rogress 
half - lif e of  0 . 0 6  m ov es p er rep lica,  in cont rast  t o t he 0 . 12  
of  MIN- R A ND  or t he 1. 1 of  R A ND - R A ND .   M IN- MA X  achiev es 
t his high rat e of  p rogress t hrough ef f icient  rep lica 
relocat ion:   99 %  of  all relocat ions hav e p osit iv e ut ilit y ,  
and t he m ean relocat ion ut ilit y  ( E q .  3 )  is 0 . 3 7 .   B y  
cont rast ,  only  7 7  %  of  MIN- R A ND  relocat ions and 7 2  %  of  
R A ND - R A ND  relocat ions hav e p osit iv e ut ilit y ,  and t heir m ean 
relocat ion ut ilit y  v alues are 0 . 16  and 0 . 13 ,  resp ect iv ely .  

H owev er,  if  j udged b y  p lacem ent  ef f icacy ,  R A ND - R A ND  
wins,  and MIN- R A ND  is a close second.   S im ulat ions show 
t hat  all t hree algorit hm s achiev e good v alues of  ef f ect iv e 
sy st em  av ailab ilit y ,  b ut  when R =  3 ,  MIN- MA X  result s in a 
m inim um  f ile av ailab ilit y  t hat  is only  3 / 4  of  t he m ean,  
whereas R A ND - R A ND  and MIN- R A ND  hav e m inim um  f ile 
av ailab ilit ies v ery  close t o t he m ean.   C om p et it iv e analy sis 
( f or R =  3 )  [ 12 ]  shows t hat  R A ND - R A ND  and MIN- R A ND  are 
eq uiv alent ly  com p et it iv e in t he general case,  whereas MIN-
MA X  is not  com p et it iv e.   T heory  also shows [ 13 ]  t hat  wit h 
a m odel of  act ual m achine av ailab ilit y  ( Figure 1) ,  R A ND -
R A ND  f inds slight ly  b et t er worst - case p lacem ent s t han MIN-
R A ND ,  which is signif icant ly  b et t er t han MIN- MA X .  

Table 1. Summary of results 

Metric RAND- RAND M I N- RAND M I N- M AX  R ef eren ce 

E S A  p rogress half - lif e ( m ov es p er rep lica)  t  ª 1. 1 t  ª 0 . 12  t  ª 0 . 0 6  §  5  

M ean ut ilit y  of  rep lica relocat ion U m ª 0 . 13  U m ª 0 . 16  U m ª 0 . 3 7  §  6  

P ercent age of  relocat ions wit h p osit iv e ut ilit y  7 2  %  7 7  %  99 %  §  6  

M inim um  f ile av ailab ilit y  com p et it iv e rat io r  ª 0 . 99 r  ª 0 . 99 r  ª 0 . 7 7  §  7  

 t heoret ic ( unif orm  m achine av ailab ilit y )  r  =  8 / 9 r  =  2 2 / 2 7  r  =  1/ 2  [ 13]  

 t heoret ic ( general m achine av ailab ilit y )  r  =  2 / 3  r  =  2 / 3  r  =  0  [ 12]  



 

The r es u l t s  o f  t he s t u d i es  p r es en t ed  i n  t hi s  p a p er  s ho w  
t ha t  MIN- R A ND  p r o v i d es  a  r ea s o n a b l e t r a d e- o f f  b et w een  
ef f i c i en c y  a n d  ef f i c a c y ,  a n d  i f  o u r  s y s t em  w er e 
c o n s t r a i n ed  t o  u s e a  s i n g l e a l g o r i t hm ,  t hi s  o n e a p p ea r s  t o  
b e t he b es t  c ho i c e.   A  p er ha p s  b et t er  a l t er n a t i v e i s  t o  u s e a  
c o m b i n a t i o n  o f  a l g o r i t hm s :  u s i n g  MIN- MA X  u n l es s  a n d  u n t i l  
i t  f r eez es  a t  a  n o t i c ea b l y  s u b - o p t i m a l  l o c a l  m i n i m u m  a n d  
t hen  u s i n g  MIN- R A ND  f o r  f u r t her  r ef i n em en t  i f  n ec es s a r y .  
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