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With  the advent  of cloud computing and online services, large en terpr ises rely heavily on  their  da tacenters 

to serve end users. A large da tacenter  facility incurs increased main tenance costs in  addit ion  to service 

unavailability when  there are increased fa ilu res. Among different  server  components, hard disk dr ives are 

known to cont r ibute sign ifican t ly to server  fa ilu res; however , there is very lit t le understanding on  the 

major  determinants of disk fa ilu res in  da tacenters. In  th is work, we focus on  the in ter -relat ionsh ip 

between  tempera ture, workload, and hard disk dr ive fa ilu res in a  la rge sca le da tacenter . We presen t  a 

dense storage case study from a  popula t ion housing thousands of servers and ten  thousands of disk dr ives, 

host ing a  la rge sca le on line service a t  Microsoft . We specifica lly establish  cor rela t ion between  

tempera tures and fa ilu res observed a t  differen t  loca t ion  granular it ies: a ) inside dr ive loca t ions in  a  server  

chassis, b) across server  loca t ions in  a  rack and c) across mult iple racks in  a  da tacenter . We show tha t  

tempera ture exhibit s a  st ronger  correla t ion to fa ilu res compared to the cor rela t ion  of disk u t iliza t ion  with 

dr ive fa ilu res. We establish  that  var ia t ions in  tempera ture are not  sign ifican t  in  da tacenter s and have 

lit t le impact  on  fa ilu res. We a lso explore workload impacts on  tempera ture and disk fa ilu res and show 

tha t  the impact  of workload is not  sign ifican t . We then  exper imenta lly evaluate knobs tha t  cont rol disk 

dr ive tempera ture, including workload and chassis design  knobs. We corrobora te our  findings from the 

rea l da ta  study and show tha t  workload knobs show minimal impact  on  tempera ture. Chassis knobs like 

disk placement  and fan  speeds have a  la rger  impact  on  tempera ture. F ina lly, we a lso show the proposed 

cost  benefit  of tempera ture opt im izat ions tha t  increase hard disk dr ive reliability.  
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1. INTRODUCTION 

As la rge en terpr ises move to modular  da tacen ters [Hamilton  2007] and efficien t  

cooling pract ices become prevalen t  [Greenberg et  a l. 2006], we move closer  to th e 

limit s of cost  efficiency ach ievable in  tha t  domain . Capita l and opera t ional cost  

margins a r e fir st  order  const ra in ts for  la rge sca le on lin e services like Search  and 

Cloud Comput ing. Tradit iona l da tacen ter  designs tha t  guaran teed st able opera t ing 

condit ion s a r e giving way to more flexible design s th a t  cu t  cost  a t  the expense of 

da tacen ter  opera t ing condit ion s. Hence under standing impact  of da tacen ter  
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opera t ing condit ions on  server  and da tacen ter  r eliability is of u tmost  impor tance in  

la rge sca le da tacen ters. 

 

Server  component s a r e typica lly composed of commodity elect r ica l and mechanica l 

par ts, and hence th ey are prone to fa ilu res. Fr equ ent  fa ilu res reduce in frast ructure 

ava ilability and incr ease the cost  of da tacen ter  opera t ion s. In  addit ion , th e server  

design  in  it self cou ld be a  major  ca ta lyst  for  most  of the server  compon ent  fa ilu r es. 

For  instance, we found tha t  a  par t icu lar  dr ive loca t ion  in  a  den se storage 

configura t ion  under  a  fa ir ly constan t  workload was con t inuou sly exposed to h igh  

tempera tur e condit ion s, even  under  n omin al in let  tempera ture to the server . We 

found a  h igher  num ber  of dr ives in  th is loca t ion  fa iling more oft en , th er eby showing 

st rong cor r ela t ion  to opera t ing condit ions. Under standing th e r ea son  beh ind such  

fa ilu res enabled us to address the design  issu es, th ereby increasing th e ava ilability of 

mach ines for  th e pa r t icu lar  on lin e service. Ava ilability of on lin e services is a  key 

differen t ia tor  in  today’s compet it ive market . High er  server  r eliability ensures tha t  

on lin e services can  have increased ava ilability. Increasing the number  of ava ilable 

servers a lso delays t h e need for  provision ing new server  deployment s in  da tacen ters. 

New server  deploymen ts have a  longer  delay cycle, and might  cause a  h igh  impact  

launch  to be delayed, ther eby causing sign ifican t  fin ancia l damage to th e en terpr ise. 

Hence, having more servers  tha t  a r e r eadily ava ilable a ffect s th e financia ls of a  la rge 

en terpr ise. 

1.1 Motivation – Hard Disk Failures in Datacenters 

 
Server  componen t  fa ilu r es have indeed been  r ecognized as impor tan t  and pr ior  works 

have studied individual componen t  r eliability, such  as for  hard disks [Schroeder  et  a l. 

2007] [Pinh eiro et  a l. 2007] and memory [Schroeder  et  a l. 2009]. F igure 1 presen t s 

actua l da ta  on  the differ en t  kinds of fa ilu r e types observed over  a  per iod of two years 

from typica l la rge-sca le da tacen ters hou sing mor e than  100,000 servers. We see 

clear ly tha t  hard disk dr ives account  for  71% of th e kn own fa ilu res, making it  the 

most  dominant  fa iling par t . Th is is in  par t  due to th e mech anica l moving par t s of th e 

disk dr ives and a lso due to th e exten sive u se of commodity SATA dr ives in  la rge 

deployment s. SATA disk dr ives a re kn own for  fa iling more often  than  SAS dr ives, bu t  

a re a lso cheaper  for  stor age capacity per  dolla r  [HP 2003]. Given  tha t  ha rd disk 

dr ives a re th e most  sign ifican t  fa iling compon ent  and r ecen t  previou s studies 

establish ed no conclusive rela t ion sh ip between  t empera tur e and hard disk dr ive 

fa ilu res [Pinh eiro et  a l. 2007], we eva lu a te wheth er  tempera tur e exper ienced a t  the 

hard disk dr ive has st r onger  cor rela t ion  to fa ilu r es in  th is work.  



 

1.2 Datacenter Total Cost of Ownership (TCO) 

 
Tota l Cost  of Ownersh ip defines th e overa ll cost  t ha t  a  la rge en terpr ise in curs to 

bu ild and opera te a  la rge da tacen ter . In  a ddit ion  to capita l expenditu r e costs, th e 

TCO incorpora tes th e opera t iona l cost s of ma in ta in ing the da tacen ter , and h ence is a  

holist ic r epresen ta t ion  of the cost . We use the Tota l Cost  of Ownersh ip (TCO) model 

for  a  da tacen ter  given  by Hamilton  [Hamilton  et  a l 2008]. We use th e TCO model 

with  th e following a ssumpt ion s: We u se a  typica l la rge sca le da tacen ter  with  10MW 

cr it ica l power  capacity, and a  Power  Usage Effect iveness (PUE) of 1.25. PUE r efer s t o 

the fract ion  of power  con sumed by the en t ire facilit y including cooling divided by the 

power  con sumed by IT equipment  a lone. A PUE closer  to 1 den otes a  very efficien t  

da tacen ter  facility (1.25 PUE is typica l of t r adit ion a l da tacen ters similar  t o the on e  

used in  our  study). We use $10 per  Wat t  for  con st ru ct ion  costs and a  cost  of $0.10 per  

Kilowa t t -hour  for  u t ility power  costs. We a ssume tha t  th e tot a l cost  of an  in dividual 

server  is $2000 and each  server  has a  typica l power  draw of 200 Wat t s  to ca lcu la t e 

the Server  Capit a l Expen ditu re. We assume a  3  year  server  amor t iza t ion  an d a  15 

year  da tacen ter  amor t iza t ion  for  compu t ing th e amor t iza t ion  cost s.   

 

             
 

As can  be seen  from Figu re 2, 61% of the tot a l cost  of own ersh ip of a  da tacen ter  is 

con t r ibu ted by the actu a l cost  of the server . Th is is desir able, since we wan t  to spend 

as much  as possible in  pu t t ing in  more server s in to the da tacen ter . However , 

 
Figure 1. Breakdown of Hardware Componen t  Er ror s in  a  Large Da tacen ter  

 

 
Figure 2: Da tacen ter  3 year  Tota l Cost  of Ownersh ip  



approxima tely 30% of the cost  is con t r ibu ted by the power  rela t ed expenses. 

Datacen ter  design ers like to reduce th is cost  and make t radeoffs accordingly. One 

st ra igh t forward meth odology is t o increase th e t empera tur e a t  which  th e da tacen ter  

opera t es, and hence reduce the amoun t  of cooling overh ead. However , th is 

meth odology comes with  a  consequ ence – it  increases th e fa ilu r es in  the da tacen ter , 

and hence makes it  n ecessary to purchase more server s or  r epa ir  th e servers tha t  

fa iled. Th at  increases th e TCO of the da tacen ter , since we need to stock more 

hardware componen ts in  our  supply, and a lso main ta in  a  la rger  team of t ech nicians 

to r eplace fa iling component s. Hence, ther e is a  clear  t radeoff between  reducing 

cooling costs th rough  t empera tur e con t rol, and the reliability in  a  da tacen ter . Given  

tha t  h ard disk dr ives con t r ibu te to more than  two-th irds of a ll ha rdware 

replacements, we explore th is t radeoff with  respect  to hard disk dr ive fa ilu res and 

tempera tur e in  th is work. 

 

1.3 Major Contributions 

 
In  th is work, we establish  the differen t  a spect s of cor r ela t ion  between  t empera tur e 

and disk dr ive fa ilu res observed from the la rge da tacen ter  case study. In  addit ion  to 

tempera tur e impact  a t  differen t  granular it ies , our  paper  quan t ita t ively eva lu a tes th e 

impact  of var ia t ion s in  t empera tur e a s measured in  a  live product ion  environmen t . 

We a lso explore wh eth er  work load var ia t ions cause t empera tur e behavior  to be 

impacted, and a lso if workload in t ensity has cor r ela t ion  to fa ilu r es observed in  the 

da tacen ter . We conduct  exper imen ta l studies to va lida te our  observa t ion s from r ea l 

da ta . 

 

In  summary, our  major  con t r ibu t ion s a r e: 

1) We show st rong cor r ela t ion  between  t empera tu re observed a t  differ en t  

loca t ion  granular it ies and fa ilu res observed. S pecifica lly, we establish  

cor rela t ion  between  t empera tur es and fa ilu r es observed a t  the following 

loca t ion  granular it ies: a ) inside dr ive loca t ion s in  a  server  chassis, b) across 

server  loca t ion s in  a  rack and c) across mult iple r acks in  a  da tacen ter .  

2) Although  average t empera ture sh ows a  cor r ela t ion  to disk fa ilu r es, we show 

tha t  variations in  tempera ture or  workload changes do not  sh ow sign ifican t  

cor rela t ion  to fa ilu r es observed in  dr ive loca t ions.  

3) We cor robora te our  fin dings from the da tacen ter  study th rough  an  

exper imenta l eva lu a t ion  and show tha t  Chassis design  kn obs (disk 

placement , fan  speeds) have a  la rger  impact  th an  tun ing Workload knobs 

(in ten sity, differen t  workload pa t t erns), on  disk tempera tur e.  

4) With  th e help of Arrhen ius based t empera tur e models and the da tacen ter  

cost  model, we quan t ify the proposed ben efit s of t empera tur e opt imiza t ions 

and increased hard disk dr ive r eliability an d show tha t  da tacen ter  

tempera tur e con t rol h as a  sign ifican t  cost  advantage over  incr eased fan  

speeds. 

 

We believe tha t  th is work sha ll mot iva te new research  in  ana lyzing t r adeoffs for  

da tacen ter  opt imiza t ion s, given  th e recen t  investment  in  la rge sca le cloud comput ing. 

 

Our  paper  is organ ized as follows: Sect ion  2 discu sses rela ted work in  th is field, while 

Sect ion  3 specifies our  exper imen ta l in fra st ructure, including da tacen ter  

measurement  in fra st ructure and workloads. Sect ion  4 presen ts th e da ta  and 

observa t ions from a  la rge sca le da tacen ter  study on  the impact s of tempera ture and 



workload on  disk dr ive fa ilu res. In  Sect ion  5, we discuss th e exper imenta l eva lua t ion  

of th e differen t  t empera tu re con t rol knobs tha t  we considered in  our  study. Se ct ion  6 

presen t s th e Arrh en iu s based r eliability model and an  applica t ion  of the model, while 

in  Sect ion  7, we provide a  cost  an a lysis of th e differen t  opt imiza t ions. Sect ion  8 

discusses fu tur e work, an d we conclude the paper  in  Sect ion  9.  

2. RELATED WORK 

 
Server  compon ent  fa ilu r es and r eliability a r e yet  t o be understood completely. 

Previous r esearch  works in  th is field have gen era ted conflict ing resu lt s, especia lly in  

rela t ion  to subjects like the impact  of tempera ture on  disk dr ive fa ilu r es. With  

respect  to la rge sca le inst a lla t ions, Gray et  a l [2005] observed fa ilu r e ra tes ranging 

from 3.3-6% in  two la rge web proper t ies a t  Micr osoft . Schwar tz et  a l [2006] repor t  

fa ilu re r a t es of 2-6% in  the dr ive popula t ion  a t  th e In t ernet  Arch ive. E lera th  et  a l 

[2004] r epor t  tha t  end-u ser  fa ilu re ra t es can  be as much  a s ten  t imes h igh er  than  

what  th e dr ive manufactu rer  might  expect  in  their  study on  server  cla ss disk dr ives. 

Schroeder  et  a l [2007] fin d tha t  in  the field, annua l disk r eplacement  ra tes typica lly 

exceed 1%, with  2-4% common and up to 13% observed on  some systems. The au thor s 

a lso presen t  in ter est ing per -componen t  fa ilu r e percen tages for  th r ee differen t  types 

of syst ems tha t  th ey con sidered. They a lso r epor t  a  sign ifican t  overest ima t ion  of 

mean  t ime to fa ilu r e by manufacturer s. Schroeder  et  a l [2006] in  th eir  study of 

fa ilu res in  peta sca le computers, review sources of fa ilu re in forma t ion  for  compute 

clust ers and stor age syst ems, and project  cor responding fa ilu r e ra t es. There a re 

research  works tha t  explore th e t r adeoffs between  workload character ist ics and 

tempera tur e with  the help of simu la t ion  [Kim et  a l. 2006], bu t  do n ot  consider  

reliability impact s. Our  paper  consider s the in ter -rela t ion sh ip between  workload, 

tempera tur e and disk dr ive r eliability. 

 

One of th e most  closely r ela t ed works to th is study is by Pinh eiro et  a l [2007], which  

iden t ified cor r ela t ion  between  disk er ror s and SMART a t t r ibu tes from a  la rge 

popula t ion  of ser ia l and para llel ATA dr ives. Th is paper  a lso concluded tha t  

tempera tur e and act ivity levels had less cor r ela t ion  to disk fa ilu r es and was a  

surpr ising r esu lt  when  compared to pr evious studies [Cole et  a l. 2000][Yan g et  a l. 

1999]. Recen t ly, E l-Sayed et  a l [2012] show tha t  t empera tur e cor rela t ion  to fa ilu res 

a re weaker  th an  expected in  a  diver se popula t ion  of disks, and poin t  ou t  th er e m ight  

be other  factors tha t  a r e more dominant  th an  t empera tur e , wh ereas we t ry to 

elim inate the impact  of diverse factors by select ing a  more con t rolled environment . 

Yang et  a l [1999] establishes tha t  a  25 C delta  in  tempera tur e dera tes the MTTF by a  

factor  of 2 in  th eir  study on  Quantum h ard disk dr ives. Cole et  a l [2000] from 

Seagate, presen t  th erma l de-ra t ing models showing tha t  MTTF could degrade by 

close to 50% wh en  going from opera t ing tempera tures of 30C to 42C. Our  resu lt s 

agree with  th e observa t ions made by Cole. Our  measured fa ilu re ra tes a lso exceed 

the AFR r a t es tha t  manu facturer s ment ion  in  th eir  da ta sheet s [Seagate ES 2011]. 

Also in t erest ingly, Vishwanath  et  a l [2010] r epor t  no cor r ela t ion  between  fa ilu res 

and loca t ion  of server s with in  a  rack. We find in  our  ca se study tha t  t empera tur e 

does have a  st r ong cor r ela t ion  to fa ilu r es (with in  ch assis, racks and across racks). We 

propose tha t  tempera ture impact s for  da tacen ter  sca le environments sh ould be 

factor ed in  knowing the server  configura t ion  and da tacen ter  in let  t empera tur e range.  

 

 

 

 



3. EXPERIMENTAL INFRASTRUCTURE 

3.1 Temperature Measurement Infrastructure 

 
We per form our  da ta  measurement s on  a  popula t ion  measur ing thou sands of server s 

and ten  thou sands of hard disk dr ives. All the servers in  th is study are iden t ica l, 

with  dual CPUs and an  addit ion a l stor age enclosure con ta in ing up to 40 SATA dr ives 

in  a  RAID 1+0 configura t ion . In  our  server  chassis, we are able t o fit  5 disk dr ive 

columns (3.5” SATA HDD) across th e length  of the server . The t r adit iona l da tacen ter  

racks h ave a  cold a isle from which  cold a ir  is pu lled across the server  and exh austed 

ou t  in  th e hot  a isle [Hoelzle et  a l. 2009]. Hence th e a ir  gets pr eh ea ted by the t ime it  

reach es th e in t er ior  hard disk dr ives and leads to h igher  tempera tures for  th ose hard 

disk dr ives. 

 

The t empera tur e measu remen ts a r e collect ed by SMART coun ter s (counter s 

monitor ed a s par t  of every disk dr ive’s self-monitor ing facility) from a  sen sor  

included in  th e HDD enclosure in  every h ard disk dr ive. Th e SMART coun ter s for  

tempera tur e a re logged every 20 minutes by th e a r r ay con t roller  a t  a  loca l con t roller  

log a long with  severa l other  SMART counter s. Every day th is loca l server  log is  

sh ipped to a  cen t ra l server  and arch ived. Since th e popula t ion  is in  a  live product ion  

environment  and th ere a r e var iou s da ta  th a t  is collect ed, the dura t ion  of sampling is 

limit ed to 20 minu tes on  account  of da ta  stor age limita t ion s.  

 

3.2 Server Test Configuration 

 
For  eva lua t ing th e impact  of server  chassis design  parameters including placement  of 

disk dr ives and fan  speeds, we u se a  den se storage disk enclosure [HP 2011] a long 

with  a  standard en terpr ise server . Th is den se storage enclosure is setup to m imic the 

actua l product ion  setup a s close as possible. However , th is does n ot  dir ect ly reflect  

any product ion  storage configura t ions for  propr iet a ry rea son s. Th e t est  server  a lso 

has a  con t roller  tha t  can  log instan taneou s t empera ture a t  each  disk dr ive.  

 

 

The stor age enclosure has 5 columns of hard disk dr ives a r ranged from r igh t  to left  

as sh own in  F igure 3. For  th is en terpr ise configura t ion , th ere a r e 34 disk dr ives 

presen t  in  an  enclosure tha t  can  h old up to 35 disk dr ives. Th is presen t s an  

oppor tun ity on  which  disk bay to leave empty, an d we explore th is t radeoff in  la ter  

 
Figure 3: Dense Stor age configura t ion  and layou t  



sect ions. The logica l dr ive is made up of a ll the 34 disk dr ives in  a  RAID 1+0 

configura t ion  th a t  is typica l of an  en terpr ise RAI D setup. 

3.3 Workloads 

 
For  ana lyzing workload behavior  and it s r esu ltan t  impact  on  varying t empera tures, 

we use r ea l da tacen ter  storage workloads obta in ed from t race charact er iza t ion . 

Enterpr ise storage syst ems ar e designed to suppor t  mult iple concur r en t  user s in  

order  to amor t ize th e cost  of da ta  access over  a  la rge number  of user s. Hence 

en terpr ise workloads a re typica lly composed of r andom IO opera t ion s, with  h igh  

in ter -ar r iva l ra t es. Table 1 shows th e four  workloads tha t  we consider  being 

represen ta t ive of la rge sca le da tacen ter  workloads.  

 

Workload  

Rd:Wr 

Ratio  Ran dom  % 

Dom in an t 

Block 

Size  

Ave rage  In te r-

arriva l (m s) 

Email 1.4 83% 8K 1.48 

UserConten t  7.0 91% 4K 22.22 

Exchange 2.0 66% 32K 0.71 

Messenger  9.6 99% 8K 0.30 

Table 1: Datacen ter  Workload Character ist ics – r andom access with  sh or t  in ter -

ar r iva l t imes. 

 

A denser  storage solu t ion  typica lly acts backend storage for  applica t ion s th a t  requ ir e 

a  lot  of da ta  storage, like Email and OLTP applica t ions, since den ser  solu t ion s makes 

it  possible to pack more storage in  lesser  space. Hen ce for  t est ing such  a  h igh  density 

storage solu t ion , we use storage profiles of Email backend server  (Email), a  la rge 

sca le file syst em server  a t  Micr osoft  (UserConten t ), Exchange server  (Exchan ge) and 

an  OLTP backend profile (Messenger ) tha t  represen t s user  meta -da ta  for  a  la rge 

on lin e service. The t race charact er iza t ion  framework is based on  ETW (Event  

Tracing for  Windows) [Pa rk et  a l. 2007] and it  captures th e disk IO even ts a t  the OS 

level. Th is en sures tha t  if we design  a  syst em tha t  is configured similar ly, 

regen era t ing IOs a s captured dur ing the t race will be t ru ly represen ta t ive of a  

da tacen ter  workload. We use publicly ava ilab le disk IO gen era tor  like IOMeter  

[IOMeter  2011] to replay the workload for  our  exper iment s. 

 

As can  be seen  from Table 1, a ll workloads have shor t  in ter -ar r iva l t imes. 

UserConten t  is a  file server  workload with  min imal stor age r equ est s, an d has a  

la rger  in t er -ar r iva l t ime of 22.2 m illiseconds between  IO r equest s. Note th a t  the 

oth er  applica t ion s including Email, Exchange and Messenger  (OLTP) workloads have 

less than  2 m illiseconds between  each  IO r equ est . Also, n ote tha t  a ll th ese workloads 

a re most ly r andom (66%-99%). Random IO request s requ ir e disks to seek to 

par t icu lar  loca t ions on  th e disk dr ive, and hence consume more power  an d hence 

cou ld resu lt  in  possible increase in  tempera ture. Since most  of these workloads a r e 

random, the disk dr ives a re con t inu ously per forming seek act ivity and a lso has n o 

t ime to shu t  down or  save power , since in t er -ar r iva l t imes are r ela t ively sh or t . In  

addit ion , typica lly for  en terpr ise workloads, seek act ivity is composed main ly of 

shor t -dist ance seeks [Kim et  a l. 2006] and hen ce th ere is m in ima l impact  on  

tempera tur e. We u se th is observa t ion  in  the la t er  sect ions to mot iva te our  

exper imenta l eva lua t ion  to select  differ en t  kn obs tha t  have impact  on  t empera ture.  

 



4. REAL DATACENTER CASE STUDY 

 

In  th is sect ion , we presen t  a  case study with  da ta  collect ed from a  live da tacen ter  

facility. We an alyze th e major  determinan ts of hard disk fa ilu r es, and explore 

tempera tur e cor rela t ion  in  depth . Th e hard disk dr ive fa ilu r es tha t  a re con sidered 

here denote actua l ha rdware replacemen ts a s viewed from the da tacen ter  

management  per spect ive. Deta iled fa ilu re ana lysis tha t  can  iden t ify sub-componen t  

er ror s or  fa lse posit ives (similar  to manufactur er  lab ana lysis) is n ot  ty pica l in  such  

h igh  secur ity environments. Through out  th e paper  we define fa ilu res a s even t s 

leading to syst em downt ime tha t  was fixed by a  r eplacement  of th e component  in  the 

da tacen ter  floor  except  wh en  specified. 

 

4.1 Hard Disk Drive Failure Determinants 

 
There a r e a  number  of factor s tha t  can  in fluence h ard disk dr ive fa ilu res, in cluding 

age of the disk dr ive, u t iliza t ion  on  the hard disk dr ive (genera l wear  and t ear  due to 

use), tempera ture of opera t ion , and vibr a t ion .  

 

4.1.1 Age of the Disk Drive 

 
Severa l previou s studies have established differ en t  fa ilu re ra t es with  respect  to th e 

age of th e disk dr ive popula t ion  [P inheiro et  a l. 2007]. A typica l fa ilu re curve across 

age resembles a  Weibull ba th tu b sh aped curve with  a  la rge number  of in fan t  

mor ta lity, stable mid-life curve and steady increase in  fa ilu res aga in  a t  older  age. In  

our  study, most  of th e disk dr ives a r e of similar  age since a ll the server s were 

deployed around similar  t imeframe when  th e da tacen ter  became opera t ional , and ar e 

past  th e in fan t  mor ta lit y stage. Hence the age factor  does not  become a  major  

determinan t  for  our  study. This is ext r emely ben eficia l since th is helps isola te the 

impact  of other  factors on  fa ilu re r a t es in  da tacen ter s .  

 

4.1.2 Vibration and SMART Monitors 

 
There cou ld be sign ifican t  vibra t ion  due to den se storage; however  modern  h ard disk 

dr ives ba lance in terna l vibra t ion  th rough  vibra t ion  compen sa t ion  techn iques in  the 

servo mechanism of the h ard disk dr ives [Guo et  a l. 2003]. We cur r en t ly do n ot  h ave 

metr ics th a t  expose the level of induced vibra t ion , and measur ing th e impact  of 

vibra t ion  is on e of our  project s tha t  a r e cur ren t ly underway. We do collect  severa l 

SMART data  from the disk dr ive popula t ion , including Realloca ted Sector  count , 

Seek er ror s, Spin  up t ime, ECC er ror s, Tempera t ure etc. Th ough  we see SMART 

counters being indica t ive of some fa ilu res, a  pr edict ive meth odology is hard to obta in . 

For  on e of our  la rge popula t ions, such  a  methodology would have been  able to account  

for  less than  20% of a ll disk fa ilu res. We do n ot  pr es en t  th e deta ils h ere in  in ter est  of 

space. Pr eviou s conclusions made by Pinheiro et  a l . [2007] a lso suggest  tha t  SMART 

counters do n ot  provide a  confiden t  way of pr edict ing hard disk dr ive fa ilu res.  

4.1.3 Utilization vs Temperature 

 
The remain ing two sign ifican t  fa ilu r e determinants a r e disk u t iliza t ion  and 

tempera tur e. We need to isola te the impact  of th ese two metr ics tha t  a r e loca t ion  



dependen t . One of the pr imary factors tha t  can  cause more wear  on  the ha rd disk 

dr ive is th e disk u t iliza t ion  (we u se u t iliza t ion  as a  proxy for  workload du ty cycle), 

which  denotes th e amount  of act ivity on  th e hard disk dr ive. According to the volume 

and da ta  layout , cer ta in  disks might  be more st ressed than  oth er  disks (for  in stance, 

a  da ta  volume in  SQL might  have h igh er  level of act ivity than  a  Backup volu me). We 

conducted a  pr elimin ary invest iga t ion  to determin e which  of th ese two metr ics is 

h igh ly cor rela t ed to h ard disk dr ive fa ilu res.  

F igure 4 pr esen t s th e resu lt s of th e ana lysis on  a  tota l of 10000 hard disk dr ives 

spread acr oss two clu st ers.  We cor r ela t ed th e ‘sectors read/ m inute’ and ‘sectors 

wr ite/ m inute’ exper ienced by the disk dr ive in  a  par t icu lar  loca t ion  a s seen  by the 

con t roller  over  it s en t ire lifet ime, to the fa ilu r es observed in  tha t  loca t ion  over  a  year . 

On  the oth er  hand, we a lso cor r ela t ed the t empera tur e observed in  th ose disk 

loca t ions to the number  of fa ilu res. We plot  th e resu lt ing coefficien t  of cor rela t ion  in  

Figure 4. As can  be seen  from th e figure, the r ead and wr ite act ivity on  the disk 

dr ives cor rela t e min imally with  the fa ilu res. However , dr ive t empera tur e in side th e 

chassis shows st ronger  cor rela t ion  to disk fa ilu res in  th e par t icu lar  loca t ion  with in  

the chassis (R va lue for  tempera tur e is above th e cr it ica l R va lue lin e, a t  df=30 for  a  

two-ta iled t est  a t  level of sign ificance = 0.01). Hence for  the remainder  of the paper , 

we concent ra te on  disk dr ive tempera ture an d do an  in -depth  t empera tur e 

measurement  and cor r ela t ion  ana lysis acr oss disk dr ive loca t ions inside chassis, 

loca t ion  of a  server  with in  a  rack and loca t ion s of racks in  a  da tacen ter .  

 

4.2 Correlation of Disk Failures with Average Temperature 

 

We presen t  a  ca se study where specific da tacen ter  design  parameter s and a  den se 

storage chassis design  r esu lt ed in  h igher  number  of disk fa ilu r es, under  h igh  

opera t ing t empera tur e. The ca se study was condu cted in  a  ra ised -floor  da tacen ter , 

con ta in ing ten s of thou sands of hard disk dr ives in  a  dense storage server  and fa ilu re 

da ta  was collect ed for  a  per iod of 1 year .  

 

 
Figure 4 Tempera tur e shows bet t er  cor r ela t ion  to HDD fa ilu res than  

Workload Ut iliza t ion  

 



The r esu lt  of our  study is surpr ising since ear lier  studies [Pinh eiro et  a l. 2007] 

establish  th a t  disk dr ive fa ilu res do not  increase with  increase in  t empera tur e in  the 

field. F igure 5 sh ows th e actua l HDD tempera tur e in  increments of on e degree and 

the cor r esponding AFR for  our  en t ire popula t ion . We see clear ly th a t  with  increase in  

HDD tempera tur e, th e AFR ra t e incr eases. Th ere a re some da ta  poin t s a t  t he end of 

the spect rum tha t  h ave smaller  number  of samples and hence a  h igher  skew. For  th e 

major  par t  of the dist r ibu t ion  (sh own by PDF columns), we see tha t  AFR st eadily 

increases as HDD temper a ture incr eases. In ter est ingly, we found tha t  th e cer ta in  

disk loca t ion s in  the h eavy storage enclosure were exposed to h igh  tempera ture for  a  

longer  dura t ion  even  under  nomin al in let  opera t ion  tempera tur es. We a lso observed 

a  sign ifican t  difference between  th e in let  t empera tur es measured a t  differen t  

loca t ions in  the da tacen ter . In  th e n ext  sect ion , we presen t  our  ana lysis and 

observa t ions ca tegor ized by loca t ion  granular ity. We divide our  cor r ela t ion  ana lysis 

in to th r ee dist inct  t empera tur e impact  zon es : Dr ive loca t ion s inside th e server  

chassis; Server  loca t ion s with in  a  rack and mu lt iple rack loca t ions acr oss th e 

da tacen ter . There a re differen t  factors tha t  come in to play for  each  of th ese 

tempera tur e zon es. We sh a ll discuss each  in  more deta il in  the following sect ions. 

 

4.2.1 Correlation inside the Server Chassis 

 
Server  design  is an  impor tan t  factor  in  determin ing the ava ilability of mach ines in  a  

da tacen ter . Depending on  the placemen t  of th e hard disk dr ives, th er e cou ld be 

sign ifican t  var ia t ion  in  dr ive t empera tur e. This is especia lly t rue in  the case of den se 

storage, since cold a ir  flows from th e fron t  of the storage enclosure to th e back. Given  

tha t  th e workload runnin g on  the disk dr ives a r e similar  (no sign ifican t  du ty cycle 

var ia t ion s), we can  establish  th e cor r ela t ion  if th ere a r e more fa ilu res for  dr ives 

which  exper ienced h igh er  opera t ing t empera tur es. We presen t  the layou t  of a  dense 

storage device in  F igure 3 tha t  was used in  our  case study. There a r e five ha rd disk 

dr ives columns wh ere HDDs are a r ranged one beh ind the other  from th e fron t  of th e 

enclosure to th e back. Hen ce the a ir  gets preh ea ted by the t ime it  r eaches th e in ter ior  

hard disk dr ives and leads to h igh  tempera tures for  those dr ives . Th is r esu lt s in  an  

increase in  number  of fa ilu res observed in  tha t  loca t ion . 

 
Figure 5 Fa ilu r e ra tes a t  differen t  h ard disk dr ive t empera tur es  

 



Figure 6 (a ) sh ows the average tempera ture observed in  each  hard disk dr ive column  

(1 th rough  5) acr oss a ll t he mach ines under  th is study. Note tha t  th e t empera tur es 

increase from 27 C in  the fron t -most  h ard disk dr ive (HDD1) to 39 C in  th e four th  

hard disk dr ive column (HDD4). This is ju st  th e average tempera ture measuremen t , 

and ther e were hard disk dr ives tha t  were a t  t empera tur es grea ter  than  45 C in  

hot t er  par ts of the da tacen ter  a s sh own in  Figure 4. The last  dr ive (HDD5) closer  to 

the h ot  a isle has a  r educed t empera tur e due to hea t  dissipa t ion  a t  th e ou t let . Th e 

cor responding tot a l fa ilu res observed acr oss th e en t ir e server  popula t ion  over  a  

per iod of 1 year  a re den oted by th e AFR lin e. Note tha t  we presen t  Annual Fa ilu r e 

Percen t  (which  is a  measured popula t ion  based va lu e and sh ould n ot  be considered a s 

the Annua lized Failu r e Rate, which  is a  ca lcu la ted metr ic th a t  manufacturer s 

provide) for  our  popula t ion  tha t  is on  con t inu ous mode of opera t ion  th roughout  th e 

year  (For  a  discussion  on  differen t  annual fa ilu r e ra tes, please see E ler a th  et  a l. 

[2004]). Th e fa ilu r e ra tes measured h ere a re h ence not  reflect ive of manufacturer  

quoted ra t es, and sh ould be con sidered on ly as number  of fa ilu res ou t  of the 

popula t ion  under  deployment .  Out  of the hard disk dr ives tha t  were in  the fron t -

most  par t  of th e server  ch assis (HDD1), on ly 4% fa iled, wh ereas, for  th e four th  hard 

disk dr ive (HDD4) arou nd 6% of the tota l disks fa iled. Th is is a lmost  1.5X th e 

number  of fa ilu res compared to th e fron t  of the ch assis. Th is resu lt  shows a  st r ong 

cor rela t ion  between  t empera tur es observed th rough  the SMART logs collect ed a t  th e 

mach ines and th e observed fa ilu r es repor t ed in  th is da tacen ter . In  fact , th e 

cor rela t ion  coefficien t  measured acr oss th e en t ir e popula t ion  for  (average tem perature 

for drive locations inside the chassis, num ber of failures ) pa ir  is R = 0.79 , which  is 

sign ifican t ly h igh . Our  exper ience with  th is da taset  does poin t  ou t  tha t  lower  

tempera tur e loca t ions do have lower  fa ilu res, and as syst em designers it  is a  st r ong 

mot iva t ion  for  r educing t empera tur e impact  inside a  chassis design .  Fan  speed and 

a ir flow management  helps reduce such  t empera tur e impact .  

 

Obse rva tion : Th er e i s  a  sign i fica n t  cor r ela t ion  (r  = 0.79) bet w een  a ct u a l  

h a r d  d r ive t em p er a t u r e in sid e a  ser ver  ch a ssis d es ign  a n d  t h e n u m ber  of 

d r i ve fa i lu r es. Hen ce ch a ssis d esign  sh ou ld  in cor p or a t e t em p er a t u r e 

r ed u ct ion  op t im iz a t ion s. 

 

4.2.2 Correlation across Servers in a rack 

 

A datacen ter  rack con sist s of mult iple server  chassis a r ranged on  top of each  oth er . 

The cool a ir  comes th rough  ven ts closer  to the bot tom of th e rack and r ises u pwards. 

It  is pu lled acr oss the server  as it  r ises up and tha t  direct ion  is h or izon ta l (as shown  

in  Figure 3). However  a s it  moves up th rough  the ver t ica l direct ion , th ere is an  

increase in  a ir  t empera tu re due to hea t  dissipa t ion . There a r e a lso oth er  mechanica l 

impact s such  a s th e differences in  a ir  pressure (cfm) a t  differen t  server  loca t ions 

with in  a  rack . In  th is sect ion  we explore if the server  loca t ion  and in let  t empera tur e 

observed a t  each  loca t ion  cor rela t es with  th e number  of disk fa ilu r es observed a t  tha t  

server  loca t ion .  

 

From Figure 6 (b), we see tha t  for  the cooler  server s  (Locat ion  9, 10, 11, 12) tha t  a re 

on  th e bot tom of the rack , the number  of fa ilu r es is lesser  (closer  to 5%) a s compared 

to hot t er  server s (Loca t ion  2) a t  6% fa ilu r e ra t e. Th is shows a  st rong cor r ela t ion  

between  server  loca t ions inside a  rack and th e number  of fa ilu r es. Th is aga in  

reit era tes our  observa t ion  tha t  t empera tur e and a ir  movement  acr oss a  r ack are 

sign ifican t  determin ant s for  server  fa ilu r es. Th e cor rela t ion  coefficien t  compu ted for  

(in let tem perature for  server location  with in  rack , nu m ber of failures) pa ir  is R = 0.91. 



 

Obse rva tion : Th er e i s  a  sign i fica n t  cor r ela t ion  (R  = 0.91) bet w een  t h e in let  

t em p er a t u r es obser ved  w i t h  r esp ect  t o t h e p osi t ion  of t h e ser ver  in  t h e r a ck  

a n d  n u m ber  of fa i lu r es for  t h a t  ser ver . Th e h igh er  t h e a ver a g e in let  

t em p er a t u r e a t  a  ser ver  loca t ion  w i t h in  a  r a ck , t h e h igh er  t h e n u m ber  of 

fa i lu r es. 

 

 

4.2.3 Correlation across multiple rack location 

 

Having seen  th a t  dr ive bay loca t ion  and server  loca t ion  t empera tur es a re indeed 

major  determinan ts for  number  of fa ilu res observed in  tha t  loca t ion , we a lso 

determin e wheth er  th e tempera tur es observed across rack loca t ion s inside th e 

da tacen ter  a r e cor rela t ed to the number  of fa ilu r es observed.  Figure 6 (c) presen t s 

the tempera ture observed a t  the par t icu lar  rack loca t ion  (averaged acr oss th e servers 

in  the rack). Every clu st er  in  th e da tacen ter  has columns of mult iple r acks. Each  

column has an  in let  cold a isle and a  cor r esponding hot  a isle . Every rack has 12 

servers. 

  

 
a) Within Server Chassis    b) Within a rack 

 

 
c) Across rack locations within datacenter 

 
Figure 6: Cor r ela t ion  acr oss differen t  loca t ion  gr anular it ies  



One impor tan t  observa t ion  from Figure 6 (c) is tha t  we would expect  the 

Tempera ture lin e to be fa ir ly hor izon ta l a t  a  fixed da tacen ter  set -poin t  t empera tur e. 

However  th is is not  th e ca se and th er e is sign ifican t  var ia t ion  in  tempera tures across 

the da tacen ter  floor . Th is is possible due to a  var iety of reasons including in efficien t  

hot  a isle/cold a isle con ta inment , oth er  networking or  server  gear  ven t ing hot  a ir  in to 

the cold a isle and hot  a ir  recircu la t ion  around th e edges. Th ere a re oth er  sign ifican t  

pa t t erns observable from the Figure, especia lly tha t  the r ises in  tempera ture a r e 

accompanied by r ises in  fa ilu res, however  we n ote th a t  th ere a r e severa l places in  the 

figure where th is is not  t he case. However , t h e cor rela t ion  coefficien t  for  th e en t ir e 

set  of da ta  (tem perature at datacen ter location , failures at that location)  is R = 0.30. 

There is indeed a  posit ive cor r ela t ion  and is sta t ist ica lly sign ifican t  (cr it ica l va lue of 

R a t  df=120 is 0.232 for  a  two-t a iled t est  a t  level of sign ificance = 0.01). Also, it  is 

clear  tha t  the lower  t empera tur e racks have lower  fa ilu res and hence th e mot iva t ion  

to be t empera ture-aware in  da tacen ter  and server  design  is st ill va lid . 

 

Obse rva tion : Th er e ca n  be va r yin g  d egr ees of d ev ia t ion  fr om  t h e Da t a cen t er  

set -p oin t  t em p er a t u r e in  d i ffer en t  p a r t s of t h e d a t a cen t er  floor . Hen ce h ot  

a n d  cold  a isle con t a in m en t  solu t ion s  a r e n eed ed  for  h igh er  effic i en cy in  

t r a d i t ion a l  d a t a cen t er s . 

 

4.3 Impact of variations in temperature on failures 

 

Having observed th e cor r ela t ion  of fa ilu r es with  average t empera tur e measured a t  

differen t  granu lar it ies, we explore wheth er  var ia t ion s in  th e t empera tur e 

exper ienced by the disk dr ive has any cor rela t ion  with  fa ilu res. Inst ead of just  

compar ing var iance or  st andard devia t ion  which  has no r efer ence to th e mean  around 

which  the var ia t ion  occu rs, we use th e coefficien t  of var ia t ion  a s a  represen ta t ive 

metr ic. Th is metr ic is a  normalized measure of disper sion  of a  probability 

dist r ibu t ion  and it  compu tes th e var ia t ion  of t empera tures r ela t ive to the mean  (CV 

= σ/µ). We saw tha t  average tempera ture exper ien ced by disk dr ives a lready has a  

st r ong cor rela t ion  to fa ilu res. We a lso want  to answer  if la rge var ia t ions in  

tempera tur e impact  fa ilu r e ra tes. 

 

F igure 7 shows th e cor rela t ion  between  CoV (Coefficien t  of var ia t ion) clust er ed in to 

discrete bucket s (each  with  0.001 CoV) and th e cor responding AFR for  a ll disks 

fa lling in to th is bucket . We a lso plot  th e PDF of the dist r ibu t ion  to sh ow places where 

ther e a re h igh  frequencies in  the dist r ibu t ion . As can  be seen  from th e figure, th e 

actua l var ia t ion  of tempera ture measuremen ts is a round 0.8% - 3.4% of th e mean  for  

most  of th e hard disk dr ives. Th is number  in  it self is r ela t ive ly small, since typica l 

average t empera tur e r anges between  35C-40C and th is var ia t ion  amounts to a  small 

devia t ion  from th is mean . This is du e to the fact  tha t  in  a  t radit iona l da tacen ter , 

in let  tempera ture to th e server s is t igh t ly con t rolled by a  ch illed  water  loop 

[Pa t ter son  2008], and is expected to sh ow lesser  var ia t ion . Moreover , the 

tempera tur e differ ence tha t  we observe is between  differen t  disk dr ive loca t ion s 

across th e chassis and rack and is n ot  loca lized to each  disk dr ive. This a lso agrees 

with  our  observa t ion  th a t  workload var ia t ions (seek requ ests) a r e expected to cause 

min imal var ia t ion  to individual disk dr ive t empera ture.  



 

From the figure, we observe tha t  ther e is no sign ifican t  cor r ela t ion  between  the CoV 

and the resu lt ing AFR (R va lue of 0.21 is lower  th an  cr it ica l va lue of R requ ired for  

sta t ist ica l cor r ela t ion), th ough  ther e is a  sligh t  upt rend and a  posit ive cor r ela t ion  a t  

cer ta in  CoV. For  compar ison  purposes, note tha t  cor rela t ion  coefficien t  of average 

tempera tur e a t  differen t  chassis and rack loca t ion s with  fa ilu res was in  the 0.8 -0.91 

range. Note th a t  th is popula t ion  is from an  iden t ica l server  design , housing a  

homogeneou s load-ba lanced da tacen ter  applica t ion , and hence has lit t le var ia t ion  in  

terms of age, disk dr ive model or  workload in t ensit ies.  

 

Obse rva tion : Th is a n a lysis sh ow s t h a t  1) t em p er a t u r e va r ia t ion  r ela t ive t o 

a ver a ge t em p er a t u r e in  la r ge d a t a cen t er s i s  m in im a l  (l ess t h a n  5%) a n d  2 ) 

t em p er a t u r e va r ia t ion  d oes n ot  sh ow  a  st r on g  cor r ela t ion  t o h a r d  d isk  d r i ve 

fa i lu r es in  t h e p op u la t ion  u n d er  st u d y.    

 

4.4 Impact of Workload on temperature and failures 

 

In  the above sect ion  we iden t ified tha t  var ia t ions in  tempera ture do n ot  cor rela te 

with  fa ilu res. However , we a lso want  to independent ly see whether  workload 

var ia t ion s were th e cau se of eith er  t empera tur e or  fa ilu r e. In  th is sect ion , we 

compare workload measurement s to t empera ture and fa ilu r e measu remen ts 

separa t ely. 

 

 

4.4.1 Workload Intensity and Temperature 

 

The collected da ta  set  a lso con ta ins the tot a l number  of read and wr it es opera t ions 

done on  the disk dr ive a t  every collect ion  in t erva l. Th is is a  usefu l metr ic to have, 

since we can  figure ou t  the disks tha t  were st r essed more when  compared  to other  

disks. We can  th en  cor r ela te the observed tempera tur e a t  the disk dr ive to see 

whether  th e disk tha t  h ad a  lot  of workload r equ est s was a t  a  h igh er  t empera tur e 

than  other  disks. 

 

 
Figure 7: Cor rela t ion  between  AFR (fa ilu r e ra t e) and CoV (Coefficien t  of 

Var ia t ion) 

 



 

In  Figure 8, we plot  th e workload in ten sity a t  each  dr ive and th e cor r esponding 

average t empera tur e exper ienced by th e dr ive a t  th a t  par t icu lar  workload in t ensity. 

We plot  both  r ead and wr ite in t ensit ies. Note tha t  these in t ensit ies a re a lso 

measured for  a  20 minute in t erva l du e to the da tacen ter  da ta  collect ion  limit a t ions. 

However , we expect  h eavily accessed disks to h ave con sist en t  h igh  access r a t es 

dur ing the en t ir e per iod of opera t ion , since essen t ia lly in t ensity is a  su m of a ll 

requ ests over  a  20 minute window and to have a  sum tha t  is la rge, th e in dividual 

in ten sity measured every second (IO opera t ions per  second or  IOPS) sh ould have 

been  la rge. From th e figure, we are able to note tha t  for  both  read and wr ite 

opera t ions, incr easing in t ensit ies do n ot  sh ow a  r ela t ive incr ease in  t empera ture of 

the dr ive. As we move to the h igh er  wr it e and r ead in ten sit ies, we see t empera ture 

swings tha t  a r e very h igh  – th is is due to th e fact  t ha t  the sample size a t  th ose h igh  

in ten sit ies is low and averaging them yields skewed tempera tur e number s. We show 

th is da ta  in  the graph  for  completeness, bu t  a t  most  in ten sit ies wh ere there is 

sufficien t  number  of samples; we see no direct  cor r ela t ion  between  tempera ture and 

in ten sit ies. Th is confirms our  ear lier  hypoth esis tha t  en terpr ise workloads h ave very 

lit t le idle t ime [Gurumur th i et  a l. 2003], and th e resu lt ing con t inuou s opera t ion  

typica lly sh ows lit t le or  no change in  tempera ture beh avior  of the disk dr ive 

[Gurumur th i et  a l. 2005], such  tha t  it  devia tes by a  sign ifican t  amount  from the 

average t empera tur e exper ienced th roughout .  

 

Obse rva tion : Wor k loa d  va r ia t ion s d o n ot  im p a ct  t em p er a t u r e va r ia t ion s 

sign ifica n t ly for  ou r  loa d -ba la n ced  d a t a cen t er  a p p l ica t ion .  

 

 
Figure 8: Tempera ture a t  increasing read and wr it e in ten sit ies a t  a ll disk 

dr ives 



4.4.2 Workload Intensity and Failures 

 

In  th is sect ion , we cor r ela te workload in t en sity exper ienced a t  each  disk dr ive, with  

the fa ilu r es exper ienced by disk dr ives. F igure 9 sh ows the cor r ela t ion  between  

average r eads/ average wr ites and th e cor r espon ding fa ilu res for  disk dr ives tha t  

exper ience th a t  read/wr it e in ten sity. In  both  the ch ar ts, X-axis plot s increasing read 

and wr it e in ten sit ies measured per  20 min . Y-Axis plot s the fa ilu r e r a t e for  a ll disk 

dr ives th a t  exper ienced tha t  r ead in t ensity. We a lso plot  the pdf to show the 

dist r ibu t ion  of read and wr ite in t en sit ies over  th e measured popula t ion . We see from 

both  th e char ts tha t  th ere is n o cor r ela t ion  between  the r ead or  wr ite in t ensity to the 

fa ilu res exper ienced by the disk dr ives. Th is conclusively sh ows tha t  workload 

var ia t ion  in  it self does n ot  impact  h ard disk dr ive fa ilu re a t  da tacen ters.  

 

Obse rva tion : Th er e i s  n o sign ifica n t  cor r ela t ion  bet w een  w or k loa d  

in t en si t ies a n d  fa i lu r e r a t es in  t h e d a t a cen t er  p op u la t ion . 

 

4.5 Summary of observations from Datacenter data 

 

In  summary, we see tha t  average t empera tur e h as a  st r ong cor r ela t ion  to disk 

fa ilu res a t  differ en t  loca t ions in side chassis, rack and across da tacen ter  floor . 

However , we do n ot  observe a  sign ifica n t  cor rela t ion  between  var ia t ions in  

tempera tur e and disk fa ilu res. The var ia t ion s in  t empera tur e a r e with in  5% of the 

average and hence ar e n ot  sign ifican t  en ough  a  concern  for  da tacen ter  design . We 

a lso see tha t  workload va r ia t ions have min imal impact  on  t empera tur e var ia t ion s or  

hard disk dr ive fa ilu res in  the da tacen ter .  

 
 

 
Figure 9: Cor r ela t ion  between  workload in t ensit ies and fa ilu re r a t es  

 



5. EVALUATION OF TEMPERATURE CONTROL KNOBS 

 

Given  th e r esu lt s of th e da tacen ter  study, tha t  sh owed sign ifican t  cor rela t ion  

between  t empera tur e and fa ilu r e ra t es, we eva lua te the va lidity of our  observa t ion s 

th rough  cont rolled lab exper imen ts. In  th is sect ion , we con t rol knobs th a t  can  

in fluence t empera ture an d exper imenta lly quan t ify the ben efit  of each  kn ob. This 

eva lua t ion  is done on  a  r ea l syst em r esembling th e actua l product ion  syst em in  a  

con t rolled lab environment . We evalua te the following tempera tur e con t rol knobs in  

th is sect ion : 

1) Workload knobs (In t ensity, Differen t  workloads) 

2) Chassis design  kn obs (Disk placemen t , Fan  speeds) 

 

5.1 Workload Knobs 

 

In  Sect ion  4, we saw tha t  workload var ia t ion s h ave min imal impact  on  t empera ture. 

We want  to va lida te th is with  th e help of an  exper iment , wh ere we cont rol two 

workload knobs – we modula te th e workload in t ensity by con t rolling in t er -ar r iva l 

ra tes; and we a lso run  differen t  workloads tha t  have d ifferen t  access pa t t ern s on  the 

same exper imen ta l syst em. We then  compare the impact  of th ese two knobs on  disk 

dr ive t empera tur e. 

5.1.1 Impact of Workload Intensity on disk temperature 

 

We modula te the in t er -a r r iva l ra t e of th e workload by delaying the t ime bet ween  

every IO requ est . We simula te var iou s in t er -ar r iva l ra te from 1 ms, 10 ms, 100 ms, 

1000 ms and 10000 ms. We a lso simula te an  ar t ificia l workload with  0 in t er -ar r iva l 

t ime – basica lly, the workload sends as much  r equ est s a s it  can  lim it ed by th e qu eu e 

size specified (1024 in  th is case). F igure 10 plot s the tempera ture measured by our  

therma l sen sor s in  each  of the 34 dr ives in  our  exper imenta l setup. As can  be seen  

from the figure, differ en t  workload in t en sit ies do n ot  impact  th e dr ive tempera ture a t  

each  dr ive. Th e reason  for  th is can  be a t t r ibu ted to th e fact  tha t  th e spindle motor  

con t r ibu tes to a  sign ifican t  por t ion  of the power  consumpt ion  of the disk dr ive 

[Sankar  et  a l. 2008] and as long as th ere is any act ivity on  the VCM tha t  moves the 

read/wr it e heads, th e in ten sity of th e opera t ion  does n ot  have an  impact  on  

tempera tur e. 

5.1.2 Impact of workload patterns on disk temperature 

 

In  order  to iden t ify wheth er  th er e is a  difference between  workload access pa t ter s we 

run  our  su it e of differen t  workloads on  t h e exper imenta l system. We do n ot  change 

the RAID 1+0 par t it ions to main ta in  un iform infra st ructure for  a ll our  exper iment s. 

F igure 11 sh ows th e dr ive t empera tur e for  the differen t  workloads. As we can  see 

from th e ch ar t , th ere is n o sign ifican t  ch ange in  t empera tur e exper ienced by the disk 

dr ives running differen t  workloads. Th e maximum difference is a  delta  of 3C between  

Email and Messenger  (OLTP) workloads. OLTP workloads have a  h igher  r ead:wr it e 

ra t io and has a  h igher  in ter -ar r iva l t ime compared to Email. They are a lso la rgely 

random and hence has a  sligh t ly h igher  seek act ivity tha t  can  r esu lt  in  the min or  

difference between  tempera tures. 

 

In  th is sect ion , we saw tha t  workload in t ensit ies or  var ia t ion s in  actu a l profiles do 

not  cause sign ifican t  chan ges in  t empera tur e behavior  a t  the disk dr ive. This agrees 



with  our  observa t ion s from our  da tacen ter  study tha t  sh ows low cor rela t ion  between  

workload beh avior  and tempera tur e of the hard disk dr ives. Given  th is low 

cor rela t ion  a t  th e disk dr ives, we believe tha t  invest ing in  workload modula t ion  to 

con t rol t empera tur e a t  disk dr ives yield low benefit  with  r espect  t o r educing 

tempera tur e or  incr easin g reliability. Compared to CPU tempera tur e con t rol using 

DVFS schemes or  t -sta tes in  processor s [Govindan  et  a l. 2009], workload modula t ion  

ach ieves lower  r educt ion  in  disk tempera tures.  

 

5.2 Chassis Knobs 

 

Server  chassis is composed of severa l compon ent s including the sheet  meta l casing 

tha t  includes a ll the in dividual compon ent s like the CPU, motherboard, power  

supply, fans, memory and the hard disk dr ives, in  addit ion  to a ll th e cables 

connect ing th e differen t  compon ent s. The layout  of each  compon ent  on  th e ch assis is 

delibera ted and posit ion ed in  a  way tha t  opt imizes the floor  plan , signa l in t egr ity and 

cost  of the overa ll solu t ion . The thermal behavior  of each  componen t  in  the server  

syst em is impacted by the posit ion  of th e syst em rela t ive to in let  t empera tur e a t  th e 

cold a isle and a lso th e cooling solu t ion  employed. CPUs h ave h ea t  sinks tha t  absorb 

hea t  produced from th e processor . Hard disks however  do not  con ta in  hea t  sinks in  

 
Figure 10: Tempera tur e of 34 dr ives a t  differ en t  workload in t ensit ies  

 

 
Figure 11: Impact  of running differen t  workload profiles on  disk t empera tur e  

 



the typica l en terpr ise scenar io; however  th ey ar e cooled by chassis level fans th a t  

move a ir  th rough  the ch assis. Th e pressure difference ma in ta in ed across th e chassis 

by the rota t ing fans r esu lt s in  a ir  flow tha t  removes hea t  from the syst em. Typica lly, 

the compon ent s closer  to t he cold a isle have a  lower  t empera tur e, and du e to th e 

prehea t ing effect  and the direct ion  of a ir  flow, the componen ts a t  the back of the 

chassis have h igher  tempera tur e. In  Sect ion  4.2.1 we saw the impact  of difference in  

tempera tur e acr oss the chassis im pact  disk fa ilu r es differen t ly. In  th is sect ion , we 

measure the impact  of con t rol knobs th a t  can  impact  tempera ture differ ences across 

the ch assis, including disk placemen t  and fan  speeds, on  the t empera tur e 

exper ienced by disk dr ives. 

 

5.2.1 Impact of disk placements inside the chassis  

 

In  our  exper imen ta l system, ther e a r e a  tota l of 35 disk bays where disk dr ives cou ld 

be conn ected. However , th ere is a  requ ir emen t  for  on ly 34 disk dr ives in  our  syst em. 

We use th e one ava ilable open  slot  to exper imen t  the impa ct  of disk placement  on  

tempera tur e exper ienced by the disk dr ives. We use th e column  posit ion s 1 t ill 5 to 

place the empty slot  in  the middle of th e chassis (refer  to Sect ion  3.2). F igure 12 

shows th e impact  of an  empty slot  in  th e syst em. We den ote th e t empera tu re of the 

empty slot  t o be 0 in  th e char t . Note tha t  when ever  ther e is a  sharp dip in  th e ser ies, 

a fter  7 consecu t ive posit ions, ther e is an oth er  sma ll dip in  tempera tur es. Since ther e 

a re 7 disk dr ives a r ranged in  each  column, th e second dip in  ea ch  ser ies cor responds 

to th e disk dr ive dir ect ly beh ind th e empty slot . Th is exper iment  sh ows tha t  th e 

posit ion  of hard disk dr ives and empty slot  in flu ence a ir  flow and can  resu lt  in  

reducing tempera ture in  storage enclosures. We see tha t  an  empty slot  ca n  reduce 

the t empera tur e exper ien ced by the disk dr ive beh ind the empty slot  by close to 5C -

7C. Hence based on  the r equ irement  of en terpr ise applica t ions, it  migh t  be beneficia l 

to a llow empty slot s with  the purpose of cooling disk dr ives tha t  exper ience a  h igher  

tempera tur e.  

 

 
Figure 12: Empty slots with  t empera tur e of zero cr ea tes a  dip in  

tempera tur e of th e dr ive direct ly beh ind th e slot  (a ft er  7 places) 

 



 

5.2.2 Impact of fan speeds on disk temperature 

 

Fans ar e th e most  common solu t ion  used in  servers for  moving cold a ir  acr oss th e 

server  chassis t o cool ha rd disk dr ives. In  th is sect ion , we measure th e impact  of 

differen t  fan  RPMs on  th e t empera tur e of disk dr ives in  our  exper imenta l setup. An  

increase in  fan  RPM resu lt s in  incr ease in  power  consumed by th e fans since power  is 

propor t ion a l t o the cube of the RPM.  Hence we need to eva lua te th e benefit  of 

reducing t empera tur e on  reliability compared to the cost  of incr eased power  for  

increasing fan  RPM. F igure 13 shows the r ela t ionsh ip between  fan  speeds and 

tempera tur e. In  our  setup, we can  con t rol th e fan  speed RPM from 7000 RPM 

(denoted by 7000-wkld) to 12000 RPM (denoted by 12000-wkld) and we increase th e 

fan  RPM in  steps of 1000. We see a  drop in  temp era ture of 5C wh en  we incr ease fan  

speed from 7000 RPM to 12000 RPM. 

 

6. MODEL FOR HARD DISK RELIABILITY 

 

From our  r ea l da tacen ter  study and exper imen ta l eva lua t ion , we iden t ify tha t  

average tempera ture has st ronger  cor r ela t ion  to disk fa ilu res. In  order  to quan t ify 

the impact  of differ en t  da tacen ter  in let  t empera tur es exper ienced by th e servers, we 

needed to come up with  a  model for  measur ing th e reliability of the hard disk dr ives 

tha t  a r e the pr imary fa ilu re component s in  the syst em. We used a  physica l Ar rhen ius 

model and est imated th e act iva t ion  en ergy based on  th e fa ilu r es from the field. 

Ear lier  studies h ave est imated du ty cycle h as a  n egat ive effect  on  AFR (h igher  du ty 

cycles have h igher  accelera ted fa ilu r es) [Cole et  a l. 2000]. We factor  in  th e effect  of 

du ty cycle in  the propor t iona l mult iplier  for  Arrh en ius model in  th e next  sect ion . 

Using th is model, we est imate th e AFR (Annualized Failu r e Rate) and consider  tha t  

to be a  baseline for  compar ison  between  differ en t  da tacen ter  in let  t empera tur e 

decision s. 

 

 
Figure 13: Incr easing fan  speeds r educes tempera tu re of disk dr ives  

 



6.1 Arrhenius model for Acceleration Factor 

 

 

The fa ilu re ra te du e to eleva ted t empera ture is governed by  th e Arrhen iu s equat ion  

[Cole et  a l. 2000]. The Arrhen ius acceler a t ion  factor  (AF) can  be expressed a s : 

 

           
Where, 

A, is a  propor t ion a l mult iplier   

Ea , is th e act iva t ion  en ergy determined empir ica lly  

K, is th e Boltzmann’s con stan t  tha t  r ela tes energy a t  th e par t icle level with  

tempera tur e observed a t  macro level 

T, is th e absolu te t empera tur e observed a t  eleva ted tempera ture poin t s 

respect ively 

 

Accelera t ion  Factor  (AF) can  a lso be expressed a s the ra t io between  th e t ime it  took  

to fa il under  n orma l t empera tur e versu s th e eleva ted t empera tur e. Rewr it in g above 

equa t ion , 

             
Where, t2 is th e t ime for  fa ilu r e with  eleva ted t empera tur e and t1 is the t ime to 

fa ilu re with  n ormal tempera ture. 

 

Act iva t ion  energy E
a
, can  be ca lcu la ted from the above equat ion . We know 

empir ica lly from Sect ion  4 tha t  we had a lmost  twice the number  of fa ilu res with  12 C 

increase in  t empera tur e. Subst itu t ing the va lu es in  the equat ion ,  we get  E
a  

= 0.464 

e V. We est imate the propor t iona l mu lt iplier  (A) for  the Arrh en ius Accelera t ion  

Factor  equ at ion  to be 1.25 based on  workload du ty cycle expecta t ion s. This mult iplier  

is ca lcu la t ed a s a  funct ion  of the du ty cycle expected and the du ty cycle ra t ed by the 

manufacturer  (similar  t o [Cole et  a l. 2000]). We base our  ca lcu la t ion s on  the worst  

case du ty cycle for  the workload (100%). We use the above empir ica lly ca lcu la t ed 

va lue to compose th e Arrh en ius model for  est imat ing Acceler a t ion  Factor  a t  differen t  

tempera tur es. 

 

Table 2 sh ows th e incr ease in  Accelera t ion  Factor  and the cor responding impact  on  

reliability (AFR). We u se the 40C row as th e baseline t empera tur e and AFR valu e 

since it  is der ived from typica l HDD manufactur er  da ta  sh eets (eg : [Seagate ES 

2011]). We see tha t  opera t ing the hard disk dr ive a t  55C increases th e AFR by a lmost  

twice when  compared to the AFR quoted by manufacturer s a t  40C. Th e table 

provides a  handy referen ce sh eet  for  expected fa ilu res wh en  the hard disk dr ive 

exper iences a  par t icu lar  t empera tur e. Given  a  ch assis design , it  is st r a igh t forward to 

compute th e delta  T observed by the h ard disk dr ives a t  differ en t  loca t ion  in side th e 

chassis. We computed th e delt a  T from SMART logs and wh en  running a  constan t  

workload a t  specific t empera tur es. We can  then  use Table 2 to est imate th e fa ilu re 

ra te for  the par t icu lar  chassis design , given  th e cor responding da tacen ter  in let  

tempera tur e. Thus, th is provides a  meth odology for  select ing da tacen ter  setpoin t  

based on  expected reliability. 



 
Table 2. HDD tempera tur e and cor responding AFR (40C is baselin e) 

 

 

6.2 Application to Datacenter Setpoint Selection 

 

Th is sect ion  discusses the applica t ion  of Table 2  in  select ing th e da tacen ter  setpoin t  

tempera tur e. Th e setpoin t  tempera ture determines the ch illed water  t empera tur e. 

The lower  the setpoin t  t empera tur e r equ ir ed, h igher  th e energy r equ ir ed by the 

ch iller  un it s t o br ing down the t empera tur e. Hence, fixing an  opt imal setpoin t  

tempera tur e by a  da ta -dr iven  reliability-aware approach  wou ld lead to energy 

conserva t ion  and bet t er  efficiency a t  th e da tacen ter . 

 

Table 3 presen t s two server  chassis design . On e design  con ta ins th e HDDs in  the 

fron t , and th er efore is exposed to the cold a isle. Th e delta  T between  th e 

tempera tur es exper ienced by the fron t  HDDs and the da tacen ter  setpoin t  

tempera tur e is min imal (1 C). The oth er  server  design  consist s of the inner  HDDs, 

which  has HDDs ar r anged one beh ind th e oth er . We presen t  on ly th e ca se of th e 

worst  HDD in  th e design . Becau se of preh ea t ing, t he delta  T in  cold tempera tures is 

20C. However  a s th e a ir  gets h ot t er , th e chassis fans will be sped up to pr even t  th e 

HDDs from overh ea t ing with  a  delta  T of 10C.  For  tempera tures in -between , the 

delt a  T will be a ssumed to be lin ear . Hence a t  in let  of 50C, the hot t est  dr ive 

exper iences a  t empera tur e of 60C. We assu me tha t  for  tempera tur es below 40C there 

is n o AFR increase and we keep tha t  a s baselin e AFR and compute th e rela t ive AFR 

from tha t  da ta  poin t . 

 

 
Table 3. Ch oosing Da tacen ter  Setpoin t  for  a ) HDDs in  Fron t , b) Bur ied HDDs  



 

As we can  observe from the t able, a  fron t  facing h ard disk dr ive design  exper ience s 

fewer  fa ilu r e even t s a t  50C in let  t empera tur e. However , th e bur ied HDD design  has 

sign ifican t  incr ease in  th e r ela t ive AFR of the disk dr ives. Hence we need to make 

the decision  abou t  h ou sin g the second design  in  a  da tacen ter  more carefu lly. If the 

th reshold for  disk fa ilu res can  be fixed, (say a t  1.05X th e adver t ised AFR ra t es, a  5% 

increase over  baselin e), then  we need to adjust  the da tacen ter  setpoin t  in let  

tempera tur e for  a  da tacen ter  having th e second design  a t  25C. However , if a ll our  

servers had th e fir st  design , then  the setpoin t  tempera tur e cou ld be 40C. The 15C 

delt a  between  these two setpoin ts is a  sign ifican t  tempera tur e delt a  to opera t e  a  

da tacen ter . A 15C differ ence in  setpoin t  t empera tu re is close to 150KW difference on  

the da tacen ter  floor . Hence it  is usefu l t o have such  a  meth odology in  place for  

set t ing da tacen ter  setpoin t  t empera tur e. 

 

Obse rva tion : Da t a cen t er  set p oin t  t em p er a t u r e sh ou ld  be select ed  in  a  

r el ia b i l i t y-a w a r e m a n n er  t o a void  p ot en t ia l  in cr ea ses in  ser ver  fa i lu r es d u e 

t o t em p er a t u r e im p a ct s . 

 

7. COST ANALYSIS OF TEMPERATURE OPTIMIZATIONS 

 

In  the pr eceding sect ions we saw differ en t  tempera ture opt imiza t ions tha t  con t rol 

disk t empera tur e. In  order  to quan t ify th e cost  of differen t  opt im iza t ion s, we use 

ava ilable power  cost s from [Hamilton  2008] an d publicly ava ilable sou rces to 

compare the cost  of opt imiza t ion s. On the other  hand, we a lso eva lu a te the cost  of 

increased fa ilu res by using the Arrhen ius model to predict  fa ilu re incr ease with  

tempera tur e. Th e cost  ca lcu la t ion s a re a  measurement  of th e rela t ive differences 

between  differ en t  opt ions. We use publicly ava ilable sources for  est ima t ing the cost , 

and th is shou ld n ot  be viewed as th e actua l cost  in  a  typica l da tacen ter . A differen t  

deployment  would have a  differen t  cost  ca lcu la t ion , specific to tha t  deploymen t .  

 

In  th is sect ion , we consider  two opt im iza t ion s: 1. Cost  of fan  speed incr ease and 2. 

Cost  of da tacen ter  ch iller  costs. In  order  to est ima te the cost  of fan  speed increase, we 

iden t ify th e tota l power  increase exper imenta lly. The incr ease from 7000 RPM to 

12000 RPM increases the power  of th e syst em by 137 wat t s and r educes t empera tur e 

by 5C. We need to ca lcu la te both  th e power  cost  and the cost  of incr eased fa ilu res to 

see which  of th e cost  we sh ould incur . For  th e cost  ana lysis, we a ssume a  typica l 

power  cost  of 0.10$ per  Kilowa t t -hour , and a  con stan t  number  of server s in  the 

da tacen ter  (we assume 10000 server s each  r a t ed a t  1000  Wat ts to con t r ibu te to an  

overa ll power  capacity of 10 Megawat t s. 10 Megawat t s is a  typica l da tacen ter  size for  

la rge en terpr ises).  To compute th e incr ease in  power  cost  a lon e, 

 

Power  cost  = number  of server s * incr ease in  power  * power  cost  (adjust ed to 1 year ) 

= 1.5 Million / ye ar. 

 

We u se th e Arrhen iu s equat ion  to determin e th e difference between  5C decr ease  in  

tempera tur e. We ca lcu la t e the differ ence in  accelera t ion  factor  and est imate th e 

number  of fa iling disks in  the popula t ion . We assume th a t  the average opera t ing 

tempera tur e was 45C and a  5C decrease in  t empera ture r esu lt ed in  a  40C opera t ion . 

We plug these tempera ture va lues in  the Arrh en ius equa t ion , and show tha t  

Accelera t ion  Factor  (AF) for  45C = 1.648. Compared to the AF a t  40C (1.257), we see 

a  31% incr ease in  Accelera t ion  factor  and h ence the AFR% also incr eases by 31%. 

The average AFR qu oted by disk dr ive vendor s for  en terpr ise class disk dr ives is 



close to 3% of the popula t ion . Assuming th is va lue, we est imate the AFR a t  45C to be 

3.93%. Applying to th e popula t ion  of 10000 servers with  34 disk dr ives each , we 

expect  an  ext ra  3162 dr ives to fa il every year  (0.93% of overa ll popula t ion). The cost  

of replacing 3162 dr ives tha t  a r e under  war r an ty is min imal; h owever  da tacen ter  

environment s do not  retu rn  disk dr ives to manufacturer s to protect  sensit ive 

in format ion  with in  th e disk dr ives. In st ead, they shred th e disk dr ives to protect  

da ta . Hence, th e cost  of t ota l replacement  is $632,400 (a t  200$ per  dr ive). To th is 

number , we add addit ion a l service cost  of replacement  (we assume 15% of the disk 

cost  t o be th e cost  of service for  each  r eplacement  – note th a t  we do n ot  h ave typica l 

number s for  th is service, since it  is n egot ia t ed differen t ly by each  vendor  for  specific 

use ca se [Vishwana th  et  a l. 2010]). The tota l cost  of service th en  becomes $94860. 

The tota l cost  t o th e da tacen ter  opera tor  for  the incr eased fa ilu res is $727,260. 

 

The power  cost  th a t  a  da tacen ter  opera tor  would pay for  a  year  to increase the fan  

speeds ($1.5 Million) is a lmost  twice tha t  of the cost  of incr eased fa ilu r es ($0.73 

Million). However  note tha t  we do not  include the cost  of se rvice down t ime. For  

da tacen ter  opera tor s, service downt ime is a  cr it ica l metr ic, and to obta in  a  1% 

increase in  th a t  metr ic, th ey might  be willing to incur  th is ext r a  cost .  

 

Anoth er  opt im iza t ion  tha t  can  be used a t  the da tacen ter  level is t o ch ange th e 

da tacen ter  setpoin t  t empera tur e. This a lso lower s the t empera ture of the en t ir e 

server  chassis in  addit ion  to lower ing th e t empera tu re for  the en t ire da tacen ter . Th e 

power  con sumpt ion  of the da tacen ter  increases, and hence ther e is power  cost  

associa t ed with  th is knob. We compare the cost  for  the addit ion a l power  requ ired to 

increase th e da tacen ter  setpoin t  tempera ture. A decrease of 5C incur s addit ion a l 

power  usage of 60 Kilowa t t  for  a  typica l da tacen ter  facility. Th is power  is spen t  in  

reducing the da tacen ter  ch illed wa ter  t empera ture, and to main ta in  th e t empera tur e 

a t  5C below the ear lier  opera t ing t empera tur e. Our  observa t ion s cor r ela t e with  a  

study conducted by [Namek et  a l. 2011] where th ey con sider  a  4000 ton  ch illed water  

plan t  serving a  100,000 square feet  da ta  cen ter  a t  150 W/sf. According to th eir  

resu lt s, they est imate a  t ota l power  con sumpt ion  of 695 Megawa t t -hour  annu ally for  

2F decrease in  t empera tu re. For  a  5 C decr ease, we can  compute th e r esu lt in g power  

usage from th eir  ca lcu la t ions (est ima ted a t  3129 Megawat t -hour  r esu lt ing in  a  power  

cost  of $312,900). Th is cost  is lesser  when  compared with  the cost  of incr ease in  

fa ilu res computed ear lier  ($0.73 Million).  

 

 
F igure 14: Cost  compar ison  between  reducing tempera ture and incr ease in  fa ilu res  

 



From F igure 14, we can  see tha t  th e cost  of da tacen ter  cooling incr ease is 

sign ifican t ly lower  than  the cost  of server  fan  power  increase, and is a lso lower  than  

the cost  of incr eased fa ilu res. In  th is ca se, da tacen ter  setpoin t  t empera tur e r educt ion  

is recommended to decrease fa ilu r es. However  n ote th a t  running ch iller  plan ts a t  

lower  tempera tures r educes their  efficiency since the t empera tur e delta  increases 

between  th e ch illed loop t empera tur e and externa l tempera tur e  [Micr osoft  2009] and 

hence th is methodology sh ould be r eeva lua ted for  lower  t empera tur es.  

 

Su m m ary: 

There is a  cost  a ssocia ted with  increasing cooling to facilita t e lower  t empera tures a t  

disk dr ives. Similar ly th ere is a  cost  a ssocia t ed with  r educing cooling to increase 

da tacen ter  power  efficiency, a t t r ibu ted to th e cost  of th e r esu lt ing incr ease in  

fa ilu res. We propose tha t  these cost s should be factor ed in  before da tacen ter  design  

decision s a re t aken . In  ou r  cost  an a lysis we sh ow tha t  cer t a in  chassis design  knobs 

and da tacen ter  kn obs ar e bet ter  a t  overa ll t empera ture con t rol, and workload knobs 

do not  provide sign ifican t  ben efit  to disk dr ive tempera tur e con t rol.  

 

8. FUTURE WORK 

 

There has been  a  sign ifican t  move to efficien t  coolin g mechanisms in  da tacen ters like 

a ir side econ omizer s, such  as by Micr osoft  [Microsoft  2009] and more r ecen t ly by 

Facebook [Facebook 2011]. Th e under lying pr inciple beh ind th e cooling mechanism is 

tha t  ou t side a ir  is cold en ough  for  a  major ity of h ours dur ing the year  to cool servers 

inside da tacen ter , and wa ter  ba sed ch iller  un it s can  be r emoved. Dur ing the hot t er  

summer  mon ths, th ese da tacen ters use adiaba t ic cooling in  addit ion  to free -a ir  

cooling [In tel 2008]. Th is meth odology of cooling da tacen ter s causes sign ifican t  

var ia t ion s in  in let  tempera tur e and th e da ta cen ter  setpoin t  t empera tur e is not  

main ta ined a t  a  con stan t  level like we saw ear lier  in  t radit iona l da tacen ter s. Every 

server  componen t  exper iences var ia t ion s in  t empera tur e according to ou t side 

tempera tur e, in  addit ion  to r ela t ive humidity differences ba sed on  ou t side h umidity 

and adiaba t ic cooling. Th is presen t s a  completely differen t  set  of cha llenges in  terms 

of quan t ifying reliability and is subject  of fu tur e work.  

 

9. CONCLUSION 

 

Server  and da tacen ter  reliability a r e fir st  order  const ra in ts tha t  determin e profit  

margins for  la rge en terpr ises. Previous works on  hard disk dr ive fa ilu r es and 

tempera tur e impact  a r e h igh ly var ian t  in  their  cla ims and do not  eva lu a te va r ia t ions 

in  t empera tur e or  th e in t er -rela t ion sh ip between  workload, t empera ture and fa ilu res . 

In  th is work, we eva lua te the impact  of t empera tu re on  hard disk dr ive reliability, 

model rea l wor ld da ta  on  tempera tur e and fa ilu res and a lso focu s on  th e resu lt ing 

impact  on  server  design  and da tacen ter  cost . Th is work h igh ligh t s th e n eed for  

tempera tu r e aware server  design  for  incr eased da tacen ter  efficiency.  
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