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�/opY[}ˆå �‹jkckn[_`oueFc]\�}pop_wv8f \�n[op}pop_ \g_bY3å/æ|v�nUškY[niádZ]eFoucd_`ouc�â

�•\�jk}p_wžw_beF}pY[^ \gckn[Y ^beF}p}³æ•\�niá�^bY[nqe�siY[^`v

X�Y3ækj	â?âiopc	â Z•eitb_Ÿž a�ei^`_bY[a�\gc	å=^bY[Z‹} \™v�å‹Y3ækj	â?âiopc	â

�
\�^U\�}p}pY[} Zk^bedn[Yqtbtbopc	â Zk^`e|nqY[tbt	a(oˆâF^ \�_`opeic�\�c	å��Ue?ædž tZçG\gZkZkopc	â

ldegf _�çG\g^bY	Y[c	âFopckY[Y[^`ouc�â Y[}popa(opc]\g_bopeic e�f�æ]eFjkc	å]\g^bv(nqeic	åkop_`oueFc(Y[^`^beF^bt

ldopa�jk} \�_`opeic sdop^b_bj•\�} _bopa�Y

Table 1. Functionalities enabled by checkpointing
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Ò������������'ã���Y[^bYi~/nUškY[niádZ]eFopc|_`opc	â=out�Z]Yq^wf eF^ba(Y8å^ædv=_bškY eiZ•Y[^U\�_bopc	â=t`v|t`_bY[a5ä	x�vdZkopn
\g}p}uvd~]\gcdv�Z‹^be�ž

âi^ \ga n
\gcpæ]Y	nUškY[niádZ•eiopcd_bY3å5ædv(_bš‹Y*eFZ]Yq^ \�_`opc	â�tbvdtb_`Y[a·ç;op_bškeFjk_m\�cdv�Yié eF^b_�eic=_bškY8Z]\�^`_;e�fy_`škY Zk^`e,âF^ \�a�a(Y[^

ei^	jktbYq^�ä��keF^*Yq{—\ga(Zk}pYi~•t`_ \�c�å]\�^Zå�Zk^bedn[Y[t`t�Z‹^bYUžwY[a(Z‹_bopeic�� o�ä Y,ä a�\wá|opc	â(\�Zk^`edn[Y[tbt ^bYq}uopc��djkopt`š _`škY(h��
r�\gc	å

Zkjk_b_`opc	â�op_;eFc�_`škY	^bY
\wåkv��djkYqjkY �;n™\�c(æ]Y8s|opY3ç!Y3å�\�tm\8tbopa�Zk}pY;f eF^ba egf"!	l�n š‹Y[niá|Z•eiopcd_bopc	â%ä

#=eit`_(eiZ•Y[^U\�_bopc	â tbvdtb_`Y[a(t/åkeTc‹ei_(opa�Zk}pY[a(Y[cd_ nUškY[niádZ]eFoucd_`ouc�â˜æ]Y[vFeic	å Zk^`e|nqY[tbt�t`nUškY3åkjk}popc	â%ä•x;škYq^bY�\�^bY2\

f Y3ç ckeF_ \2æ‹}uY&Y[{dn[Y[Zk_`oueFckt
~�tbj‹n š \�t�rmckopn[eFt%$ z	z�&iƒ�'b~;z	Y[vdz(!*l)$+*œ\gc]ƒi¡,' \�c	å fw\�jk}p_wžw_beF}pY[^ \gc|_�#&\�nUš-$ ›mlkƒ/.,'b~

ç;škopn š opa(Zk}pY[a�Y[cd_ ^beF}u}ˆæ]\gniá ^bY[nqe�siY[^`v|~d\�c	å(l—Zk^bop_bY�$+!	h;X(0�&1&�'b~2ç;š‹ounUš opt�\uåkoptb_b^`oˆækjk_bY8å(eiZ•Y[^U\�_bopc	â	t`v|t`_bY[a _bš]\g_

ouc‹n[}pj	åkY[t;Zk^`edn[Y[tbt	a�o³âF^ \g_bopeic�\�tm\ Zk^`opa(op_bopsiY!eiZ•Y[^U\�_bopeFc*ä
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�Ï���
��
Ò=�����������*ã���Y[^bYF~
n š‹Y[niá|Z•eiopcd_bopc	â=opt	Z]Yq^wf eF^ba(Y8å^ædv2_bškY�Zk^`e,âF^ \�a op_btbYq} fiä

xy^U\�ckt`Z]\�^`Y[ckn[v2optmjkt`j]\�}p}pv \gn š‹ouYqsiY3å5ædv�n[eia�Zkop}pouc�â�_`škY(\�ZkZ‹}uopn
\g_bopeic=Zk^`e,âF^ \�a·ç;op_`š \�tbZ•Y[n[o \g}'nUškY[niádZ]eFoucd_`ouc�â

}uoˆæk^U\�^`v|~d\�}p_bš‹eij	âFš(ei_`škY[^;a�Y[_bške�åktm\g^bY	Z•eitbt`oˆæk}pYi~kt`jknUš \gt;^bY3ç;^`op_bopc	â�Y[{dY[n[j‹_ \2æ‹}uY è]}pY[t>$ •@? ƒ<A,'Sä

ldopckn[Y nUškY[niádZ•eiopcd_bopc	â�opt;Z]Yq^wf eF^ba(Y8å�eFc=_beiZ=egf ~k^U\�_bš‹Y[^m_`š]\�c=opc=_bškY eFZ]Yq^ \�_`opc	â�tbvdtb_`Y[a ~‹_bškY8^bY[n[e�sFY[^ \wækop}pou_wv�e�f

eiZ•Y[^ \g_bopc	â tbvdtb_`Y[a�t`_ \g_bY	optG\gc�oua�Z]eF^b_U\�cd_'optbt`jkY,ä:�‹ei^!Y[{k\�a(Z‹}uYF~�a(eFtb_'eFZ]Y[^U\�_`ouc�â�t`v|t`_bY[a�tm\�t`tboˆâic�Zk^bedn[Y[t`tmoˆå�B t

ouc2\�a�\gckckY[^�_bš]\g_	out�jkck^`Y[n[e�siYq^ \2æ‹}uY?ä>Cwc2ei_`škY[^�ç!ei^Xå‹t
~œ\C^bY[n[e�sFY[^bopc	â=Zk^`edn[Y[tbt n
\gckckei_ \gtXá=_be(æ•YQ\gtbtboˆâFckY3å�\

n[Y[^b_U\�opc2Zk^bedn[Y[t`t oˆå*ä�#=eF^bY[e�sFY[^
~ a�eit`_;eiZ•Y[^ \g_bopc	â(t`vdtb_bYqa(t�åke(c‹e2ç•\�}p}pe2çEjkt`Y[^ Zk^`e,âF^ \�a�t;_be�n š‹Y[niá|Z•eiopcd_	_bškY

tb_ \g_bY	e�fœ_`škY7è•}uY�tbvdtb_`Y[a^ä
x;š‹Y[tbY	optbt`jkY[tm\�^`Ymegf _bY[c�š]\�c�åk}pY3å�ædv�^bYqtb_b^`opn[_bopc	â�_`škYmZk^`e,âF^ \�a æ]Y[opc	â8n š‹Y[niá|Z•eiopcd_bY8åœ~

tbe	_bš]\g_
ou_
eFck}pv*^`Y[}popY[t'eic ^bYqn[e�siY[^U\2æk}pY;t`v|t`_bY[a t`_ \�_`Y,ä:�‹ei^œYq{—\ga(Zk}pYi~™Zk^`e,âF^ \�a�tœ_`š]\�_
jkt`Y;^bY
\wådž eFck}pv|~�ç;^`ou_`YUžweick}pvd~

ei^;tbY,�|j‹Y[cd_bo \�}p}pvFž ç;^`ou_`_bY[c=^`Y
\2ådž�ç;^bop_`Y�è]}pY[tmn™\�c(æ]Y8n š‹Y[niá|Z•eiopcd_bY8å^ædv(t`_beF^bopc	â�_bš‹Y c]\�a�Y[t;\�c	å

­3£i£R¥

Z]eFopc|_`Y[^bt�e�f

\�}p}]eFZ]Yqc�è]}pY[t;\�_!_bškY	_`oua�Y;e�fœnUškY[niádZ•eiopcd_bopc	â�$ �

ß

ƒk£D'Xä�#=ei^`Y[e�siYq^
~dZk^`e,âi^U\�a�t'a�jktb_!\�tbt`jka(Y�_bš]\g_�_`škY[op^!Zk^bedn[Y[t`t

o³åEB t�a�\™v�n š•\�c	âFY�e�siY[^	_bopa�Y�\�t	_bš‹Y�^bY[t`jk}p_*egf æ•Y[opc	â=nUškY[niádZ]eFopc|_`Y3åT\�c�å ^`Y[tb_`ei^bY8å*ä�x;škY�^`Y[tb_`^bopn[_bopeFckt$åke=ckeF_

\�é Y[n[_ _bškY�a=\F�Uei^`op_wv�egf*\�ZkZ‹}uopn
\g_bopeic‹t*_`š]\�_8ckY[Y3å n š‹Y[niá|Z•eiopcd_bopc	â%äG�‹ei^8a(ei^`Y!å‹out`n[jkt`tbopeic�eFc�_bškY�^bY[t`_b^bopn[_`opeickt

oua�Z]eFtbY3å�eic�jktbY[^Ÿž }pY[sFY[}
nUškY[niádZ]eFoucd_`Y[^bt™~]t`Y[Y Z]\gZ]Yq^btmædv�* op_IH3áFe2ç-$+*�*/ƒi¡,'y\�c�åJ�3} \gc	áK$+�
} \iƒF€d~���L�z�*/ƒ1.�'Xä

x;škY[^bY8š]\™siY�æ•Y[Y[c2a�\�cdv _b^U\�ckt`Z]\�^`Y[cd_
~•jktbYq^wžw}uYqsiY[}
nUškY[niádZ]eFopc|_`Y[^bt�ç;^`ou_`_bY[c f ei^;si\g^bopeijkt;nqeia(Z‹jk_bopc	â Z‹} \g_wf eF^ba�t�ä

M
{k\�a(Z‹}uYqtG\g^bY	}pout`_bY3å=opc(x'\wæk}pY*¡	ä
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Ò��O�E� ������ã��mY[^`Yi~•Zk^be?âi^U\�a(a�Y[^bt!\�n[_`ousFY[}pv(opckn[eF^bZ•ei^U\�_bY8n š‹Y[niá|Z•eiopcd_wž

ouc�â�opc|_`e=_bškY[op^ Zk^be?âi^U\�a(t™~œegf _bYqc¾ç;op_bš�_`škY(škYq}uZ�egfm}po³æ‹^ \�^`opY[tQ\gc	å�Zk^`Y[Zk^bedn[YqtbtbeF^bt�äT•�eicdžw_b^U\�ckt`Z]\�^`Y[cd_�nUškY[niáFž

Z]eFoucd_`ouc�â e?æ|sdopeij‹tb}pvTZk} \gn[Y[t�\2a�j‹n š } \�^ZâiY[^�æ‹jk^XåkYqcEeFc _`škY�Zk^`e,âF^ \�a�a(Y[^�ä x;škopt(opckn[}pj	å‹Y[t(_`škYpækjk^ZåkY[c e�f

n[ei^`^bY[n[_`ckY[t`t
~;\=}po \2ækop}pop_wv(_bš•\�_ _`škY(_`^ \�c‹tbZ]\g^bY[cd_ n š‹Y[niá|Z•eiopcd_bYq^bt�åke�c‹ei_ Z•eit`tbY[t`t�ä�x;š‹Y�_b^ \wåkY[ewéOopt opc�Z•Y[^wf ei^wž

a�\�c‹n[Y�\gc	åQP]Yq{|oˆækop}pop_wv�äR�
^be?âi^ \ga(a�Y[^bt n™\�cTt`Z]Yqn[o f v _bškY=Y[{k\�nq_�ouc—f ei^`a�\�_`opeic2_bš]\g_�out ckY[Y8åkY3å f eF^�^bY[nqe�siY[^`v|~

\�c	å�_bšdjkt;nUškY[niádZ]eFopc|_!}pY[tbt;opcdf ei^ba=\�_`oueFc�_`š]\�c�_b^U\�ckt`Z]\�^`Y[cd_;n š‹Y[niá|Z•eiopcd_bYq^bt�ä�#=eF^bY[e�sFY[^
~�ç;op_`š(ckeFcdž _`^ \gcktbZ]\g^bY[cd_

n š‹Y[niá|Z•eiopcd_bopc	â•~kZk^`e,âF^ \�a�a(Y[^`t'n
\gc�t \™sFY*_`škY nUškY[niádZ•eiopcd_btmopc�\ a�\gnUškopckYUžwouc�åkY[Z•Y[c	åkY[cd_ f ei^`a�\�_™~,ç;š‹ounUš�\�}p}pe2ç;t

_bškY nUškYqnRádZ•eiopcd_bt�_be�æ•Y ^`Y[tb_`ei^bY8å eFc�a�\gn š‹ouc‹Y[t�egf
åkoÈé Y[^`Y[cd_ \�^bnUškop_`Y[n[_bj‹^bY[t�ämx;škopt�out;opa�Z]eFtbtboˆæk}pYuç;ou_`š=n[jk^b^`Y[cd_

_b^ \gcktbZ•\�^bYqc|_�nUškY[niádZ]eFoucd_`Y[^bt�äSM
{k\�a�Zk}pY[t!e�fyc‹eicdžw_b^U\�ckt`Z]\�^`Y[cd_mnUškY[niádZ]eFopc|_`opc	â�tbvdtb_`Y[a(tm\g^bY�âiopsFY[c=ouc�x'\2æk}pY*€�ä

Cwc _bškopt�\g^b_bopn[}pYi~g_bškY!f edn[j‹t'opt'eic _b^U\�ckt`Z]\�^`Y[cd_'jktbYq^wžw}uYqsiY[}•nUškY[niádZ]eFoucd_`Y[^bt™~]\�}p_`škeij	âFš a(eFtb_/e�f _bškY7åkopt`n[jktbt`opeic(\�Z‹Zk}pouYqt

_be�_`škY	ei_`škY[^mnUškYqnRádZ•eiopcd_bY[^`t*\gt7ç�Y[}p}�ä

¡



•	\�a�Y �‹jkcknq_bopeic]\g}pou_wv h!eFa(Zkjk_`opc	â	Zk} \�_wf ei^ba

* oˆæ]niádZk_�$+��L!zN*/ƒ1. ' �•\�j‹}u_Ÿž _`ei}pY[^U\�ckn[Y r�ckopZk^bedn[Y[t`tbeF^bt

* oˆæ]niádZQ$ ��z(?Eƒ1.,' �•\�j‹}u_Ÿž _`ei}pY[^U\�ckn[Y r�ckopZk^bedn[Y[t`tbeF^bt

h!eFc	åkeF^�$ x@*/ƒ1.,' �3^bedn[Y[t`t*a�oˆâi^ \g_bopeic r�ckopZk^bedn[Y[t`tbeF^bt

C�âFei^($+��L�&iƒ ' X�Y3æ‹j	â,âFouc�â r�ckopZk^bedn[Y[t`tbeF^bt

#&\�ckY[_`škeK$+M�� ƒi¡ ' �•\�j‹}u_Ÿž _`ei}pY[^U\�ckn[Y #=Yqtbt \wâiYUžwZ]\gtbtbopc	â�å‹out`_b^`o³æ‹jk_bY3å&tbvdtb_`Y[a(t

#JCbldxmê1#K��� # $ h;h!zN0
ƒ/.�' �•\�j‹}u_Ÿž _`ei}pY[^U\�ckn[Y$ê8a(oˆâi^U\�_`oueFc #=Yqtbt \wâiYUžwZ]\gtbtbopc	â�å‹out`_b^`o³æ‹jk_bY3å&tbvdtb_`Y[a(t

h!edh!škY[niá%$ ld_`Y
ƒi„ ' �•\�j‹}u_Ÿž _`ei}pY[^U\�ckn[Y$ê8a(oˆâi^U\�_`oueFc #=Yqtbt \wâiYUžwZ]\gtbtbopc	â�å‹out`_b^`o³æ‹jk_bY3å&tbvdtb_`Y[a(t

$ h�� l

0

ƒF„,' �•\�j‹}u_Ÿž _`ei}pY[^U\�ckn[Y X�optb_`^boˆækjk_`Y3å=tbš]\g^bY3ådžwa(Yqa(ei^`v�t`vdtb_bYqa(t

CwniádZQ$+�:*œƒ A�' �•\�j‹}u_Ÿž _`ei}pY[^U\�ckn[Y Cwcd_bYq} o �?lkh7ê1&F„��

h�* CI� $ h�� *œƒi‚,' �•\�j‹}u_Ÿž _`ei}pY[^U\�ckn[Y Cwcd_bYq}��y\g^ \wâieic

Table 2. Examples of transparent checkpointer s

	zœ�
*œÆÛ
�b ���
* ����$Û™ÞXÚ™•DÞZÚ��

h!škY[niádZ•eiopcd_bopc	â Zk^be�sdoˆåkY[t;_`škY�æ]\�niá�æ]eFckY	f eF^�a=\�cdv _bedei}pt
~dYqc|j‹a(Y[^U\�_bY8åbæ•Y[}pe2ç$ä
x;škopt!}uopt`_;out!ckeF_;Y[{dš]\�jkt`_bopsiY?ä:�keF^

a(eF^bY�jktbY[t�e�f
n š‹Y[niá|Z•eiopcd_bopc	â•~kZk}pY
\gtbY	tbYqY�›;YUf Y[^bY[c‹n[YG$ ?	��� 0
ƒ1.,'Xä

Fault-tolerance(rollback recovery)

x;škY	a�\,�Uei^'j‹tbY	f eF^�nUškYqnRádZ•eiopcd_bopc	â�opt!f \gjk}p_wžw_bei}pY[^U\�cknqY>�O�/oˆâij‹^bY�£ �8ä
x;škopt;out;_wvdZkopn
\g}p}uv n
\g}u}pY3å=nUškY[niádZ•eiopcd_bopc	â–ç;ou_`š

´X§w»—»³¹i¯?¤R¥˜´Z£i¤R§?²�£�´3¸

ä

ß

_(\2Z•Y[^bope�åkopn�opcd_bY[^`si\�}w~!_bškY \gZkZk}popn
\�_`opeicTt`_beF^bY[t=nUškY[niádZ]eFopc|_`t(_`e¾åkoptXá�ä C fQ\&f \�op}pjk^`Y(edn[n[jk^`t

_bš•\�_mn™\�jkt`Y[t _bš‹YQ\gZkZk}popn
\�_`oueFc=_be�æ•Y _bY[^`a(opc]\�_`Y3å=Zk^bYqa�\�_`jk^bYq}uvd~•_bškY \�ZkZk}popn
\g_bopeic=n
\gc ^`Y[tb_U\�^b_�f ^`eia op_bt�a(eFtb_;^bYqn[Y[cd_

nUškY[niádZ]eFopc|_™~k}peit`opc	âQ\g_;a(eFtb_�\gc�opcd_bYq^bsi\�} B tHç�eF^b_bš=egfyn[eFa(Zkjk_U\�_`oueFc*ä

ß

t \�fw\�jk}p_wžw_beF}pY[^ \gc|_�a(Y[_`ške�åœ~ nUškY[niádZ•eiopcd_bopc	â=opt*sFY[^bv2Z•e2ç�Y[^Ÿf jk}�æ•Y[n
\�j‹tbY=op_ma�\wáiY[t	cke�\gtbtbj‹a(Zk_`oueFckt*\wæ]eFjk_	_bškY

_wvdZ]Y e�f
f \gop}uj‹^bY[t�_bš]\g_ma�\™v�edn[nqjk^�ä

ß

t	}peic	â(\gtm_`škY�nUškYqnRádZ•eiopcd_bY3å2tb_U\�_`Y�opt;fw\�op}pjk^bY�f ^`Y[Yi~ op_;n
\gc _`ei}pY[^ \g_bY š•\�^Xå�çG\g^bYi~

tbegf _�ç;\�^bYF~k\�c	å=Y[sFY[c�Z•e2ç�Y[^!fw\�op}pjk^bY[t�ä

Migration

�
^`e|nqY[tbt;a�o³âF^ \g_bopeic	opt'\�ckeF_bškY[^?jktbY�e�f n š‹Y[niá|Z•eiopcd_bopc	â%ä�Cwc‹tb_bY™\2å(egf t`_beF^bopc	â \	nUškY[niádZ]eFopc|_?_be$åkoptZá ~g_bškY�n š‹Y[niá|Z•eiopcd_wž

opc	â	Zk^bedn[YqtbtbeF^�t`Y[c	åkt!op_bt
nUškY[niádZ]eFopc|_?_be�\gckei_`škY[^'Zk^`edn[Y[tbt`ei^™~�ç;škopn š–æ•Y3âiopckt'op_`t'n[eia�Zkjk_U\�_bopeFc	f ^beFa _bškopt'nUškYqnRádZ•eiopcd_bY3å

tb_U\�_`Y,ä

ß

f _`Y[^ tbYqc	åkopc	â=_bškY�nUškYqnRádZ•eiopcd_
~ _`škY�opckop_bo \�}/Zk^bedn[YqtbtbeF^�_`Y[^ba�opc]\�_`Y[tm_`škY(\�ZkZ‹}uopn
\g_bopeic�ä��
^bedn[Y[t`t�a�oˆâi^ \g_bopeic�opt

jkt`YUf jk}/f eF^m}pe|\wåbæ•\�} \�cknqouc�â]~kopcpç;š‹ounUš \CškY
\™sdop}pv(}pe|\wåkY3å�Zk^`edn[Y[tbt`ei^ a�oˆâi^ \g_bY[t;op_`tmn[eFa(Zkjk_U\�_`oueFc=_be�\C}po³âFšd_b}pv�}pe|\2å‹Y3å

Zk^`e|nqY[tbt`ei^
~•_`škY[^bY8æ|v=n[eFa(Zk}pY[_`opc	â _bš‹Y n[eia�Zkjk_U\�_bopeFc�a(ei^`Y@�djkopniád}uv�ä

Job swapping

? op_bš �Ue,æ2tXç;\�ZkZ‹ouc�â]~œ\�Zk^`e|nqY[tbt`ei^ tb_beF^bY[t \(nUškYqnRádZ•eiopcd_ _be(åkoptZá \�c	å2_bš‹Y[c�_bY[^`a(opc]\g_bY[t	_bš‹Y(\�ZkZk}popn
\g_bopeic*ä ? op_bš

�Ue?ædž tZçG\gZkZkopc	â•~k\ jkt`Y[^	a�\™v Y[{dY[n[jk_`YQ\ }peFc	â�žw^bjkc‹ckopc	â]~Fn[eia�Zkjk_U\�_bopeFcdž opcd_bYqcktbopsiY�Zk^be?âi^U\�a opc=tbškeF^b_�_bopa(Y�oucd_`Y[^bsi\g}ut!opc

ei^ZåkY[^!_be t`š]\�^`Ym_`škYmn[eFa(Zkj‹_bY[^
ç;op_`š�ei_bš‹Y[^�j‹tbY[^`t�ä

ß

_wv|Z‹oun™\�}kY[{k\ga(Zk}pY!out™ç;škY[c�\>jktbY[^!Y[{dY[n[j‹_bY[t	\�c(\�Z‹Zk}poun™\�_bopeFc�eFck}pv

\�_;c‹o³âFšd_�ä�Cwc=_bškY8a(ei^`ckopc	â]~F_bš‹Y�\�ZkZ‹}uopn
\g_bopeic�opt;n š‹Y[niá|Z•eiopcd_bY8åœ~]\gc	å=_bškY nqeia(Z‹jk_bY[^;opt!f ^`Y[Y3å=f ei^;ei_`škY[^�jktbY[^`t�ä Cwc=_bškY

ckY[{d_;Y[sFY[ckopc	â•~k_bš‹Y>\gZkZk}popn
\�_`opeic(opt;^`Y[tb_U\�^b_`Y3å=f ^`eia _`škY nUškY[niádZ•eiopcd_�ä

€



•	\�a(Y �‹jkcknq_bopeic]\g}pou_wv h!eia�Zkjk_`ouc�â Zk} \�_Ÿf ei^`a

* o³æ—f _ $ ��z ? ƒ1.,' �•\�j‹}u_Ÿž _`ei}pY[^U\�ckn[Y X�optb_b^`oˆækjk_bY8å�t`vdtb_bYqa(t

X�eia�Y�$ LGlkl‹ƒi‚�' �•\�j‹}u_Ÿž _`ei}pY[^U\�ckn[Y�ê }pe|\2å/æ]\�} \gckn[opc	â X�optb_b^`oˆækjk_bY8å�t`vdtb_bYqa(t

�
r(*�$ lklkh;h;ƒ1.,' �•\�j‹}u_Ÿž _`ei}pY[^U\�ckn[Y X�optb_b^`oˆækjk_bY8å�t`vdtb_bYqa(t

h;\g}uvdZkt`eG$ L;X�z>ƒ/.,' �•\�j‹}u_Ÿž _`ei}pY[^U\�ckn[Y�ê }pe|\2å/æ]\�} \gckn[opc	â X�optb_b^`oˆækjk_bY8å�t`vdtb_bYqa(t

h�!	l�#K!	l $ h

ß

ƒ A�' �•\�j‹}u_Ÿž _`ei}pY[^U\�ckn[Y X�optb_b^`oˆækjk_bY8å�t`vdtb_bYqa(t

Table 3. Examples of non-transparent checkpointer s

Post-mortemand replaydebugging

h!škY[niádZ•eiopcd_bt'a=\™v æ•Y;tb_`ei^`Y3å�f eF^
Zkjk^bZ•eit`Y[t!e�f�åkY3ækj	â?âiopc	â \�Zk^be?âi^U\�a^äE�keF^yYq{—\ga(Zk}pYi~ga(eit`_*åkY8ækj	â,âFY[^bt!š]\™sFY�_`e|eF}pt

f eF^ Y[{k\�a�ouc‹ouc�â(nUškY[niádZ]eFopc|_`tG� n
\�}p}pY3å

¤R§?´X£uÂ�»³£8­

�[~�ç;škopnUš \g^bY(nq^bY
\g_bY3åÆç;škY[c \ Zk^be?âi^ \ga Y[{dou_`tQ\wækckeF^ba�\g}p}uv�ä ! f _bY[c

_bš‹out!Y[{k\�a�opc]\�_`oueFcQ\g}p}ue2ç;t?_bškY	Zk^`e,âi^U\�a�a(Y[^
_be�oˆåkYqc|_`o f v�_`škY	e2é Y[c	åkopc	â–ækj	â•~dei^m\g_�}pY
\gtb_!_be�c]\g^b^be2ç _bškY�ækj	âgž1è•c	åkopc	â

tbY™\�^bnUš�_`e(\	f Y3çEt`jktbZ‹ounqoueFjktmt`j	æk^`eijk_`ouc‹Y[t�ä

›;YqZk} \™v�åkY3ækj	â?âiopc	â�opt*\ a�ei^`YmZ•e2ç�Y[^Ÿf jk}/f jkc‹n[_bopeic•\�}pop_wv�äE�mY[^`Yi~œ\gc \gZkZk}popn
\�_`opeic(_U\2áFY[tmZ•Y[^bope�åkopn nUškY[niádZ•eiopcd_bt
~ \gc	å

_be \�oˆå�opc�åkY3ækj	â?âiopc	â•~i_`škYmZk^`e,âF^ \�a�a�\™v$æ•Ym^`ei}p}pY3å�æ]\gnRá�\�c�å�^bY[Zk} \™vFY3å(_`e

¯,©	¸

Zk^bY[sdopeij‹t�t`_ \�_`Y,ä'h!škY[niádZ•eiopcd_bopc	â�\gc	å

^bYqZk} \™v�a=\™v>\g}ptbe�æ]Y;Yqa(Zk}pe�viY8å�_`e*_`^ \gnRá _bš‹Ymtb_U\�_`Yme�f si\�^`o \2æk}pY[t'\�c�å�Y[siY[c�nqeia(Z‹}uYq{$å]\�_U\�tb_b^`jkn[_`jk^bY[t�e�siY[^
_`oua�Y,ä/x;škY

a�\gopc�åk^ \�ç7æ]\gniá�ç;op_bš�^bY[Zk} \™v/åkY3ækj	â?âiopc	â opt;_bškY	e�siYq^bškY
\wå�opc	åkjknqY3å(æ|v�nUškY[niádZ]eFoucd_`ouc�âIä

Elimination of boundary condition errors

ß

f ^bYF�djkY[cd_	cdjka�æ•Y[^megf3Z‹^be,âF^ \ga(a(opc	â8Y[^b^`ei^bt8oucÀåkoptb_b^`oˆækjk_bY8å�tbvdtb_`Y[a(t	edn[n[j‹^ ç;š‹Y[c _`škY tbvdtb_`Y[a,^`Y
\�nUškY[t \�tbvdcdž

nUšk^beFcko H
\�_`opeic2tb_ \g_bY�_`š]\�_ _`škY�Zk^`e,âi^U\�a�a(Y[^;ckYqsiY[^ Yqc|sdoptbopeFckY3å*ä�x;š‹Y[tbY�t`_ \�_`Y[t e|nqn[jk^ opcdf ^`YF�djkY[cd_b}pvd~œ\�c�å egf _bY[cT\gt \

^bYqtbjk}p_	e�f

¹i§?µ�©�º,¯,´8¸p¤i§,©	º?¨—«1¨ª§,©�­

ç;š‹ounUšpå‹e�c‹ei_m^`Y[Z•Y
\�_ _`škY[a�tbY[}psiYqt*egf _bYqc*ä(Cwc t`jknUš t`op_bj]\g_bopeickt™~ nUškY[niádZ]eFopc|_`opc	â�\gc	å

^beF}p}³æ•\�niá=^bY[n[e�sFY[^bv2n
\gc^æ•Y�Yqa(Zk}pe�viY8å�_`e=Y[}poua�opc]\�_`Y*_`škY Yié Yqn[_ e�f;_bš‹Y!ækj�â $ ?	�(�
ƒi€,'Xä

ß

t	opc \Cf \�j‹}u_Ÿž _`ei}pY[^U\�cd_;Y[{dYUž

n[jk_`opeicœ~•nUškY[niádZ]eFopc|_`t�\�^`Y _ \wáiY[c2Z•Y[^bope�åkopn
\�}p}pvd~]\�c�å�o fG\�c�Yq^b^beF^	e|nqn[jk^bt<åkjkY _be(eFckY e�f'_bškYqtbY�æ•eijkc	å•\�^bv&n[eic	å‹ou_`opeickt™~

_bš‹Y�t`vdtb_bYqa%opt�^`ei}p}pY3å¾æ]\gniá _`e _`škY=Zk^bY[sdopeij‹t�nUškY[niádZ•eiopcd_�äQCw_ opt�t`_ \�_`optb_bopn
\g}p}uv2jkck}poˆáiYq}uv&_bš]\g_�_`škY=t \�a�Y�æ]eFjkc	å]\g^bv

n[eFc	åkop_bopeic‹t
ç;op}u}‹e|nqn[jk^
~•\�c	å�_`šdjkt�_`š]\�_!_bš‹Ymtbegf _�ç;\�^bYuç;op}u}�âiY[_!opc|_`e _bš‹Ymt \ga(Y;t`_ \�_`Y	_bš]\g_'n
\�j‹tbY3å=_bš‹Ymækj	â%ä
x;šdjkt
~F_bškY

^beF}p}³æ•\�niá�^bY[nqe�siY[^`v�t`Y[^bsFY[tm_`e�Y[}popa(opc]\�_`Y;_bškY<ækj	âIä

Virtual time

#�\gc|v tbopa�jk} \�_`opeic2tbvdtb_`Y[a(t=\�^bY=a�e�å‹Y[}pY3å \�t(\5åkoptb_`^boˆækjk_`Y3å t`Y[_(egf>e?æ1�UY[n[_`t�ç;škopnUš n[eFa(a�jkc‹oun™\�_bY�ædv tbY[c	å‹ouc�â

�

YqsiY[cd_��=a�Y[tbtU\2âiYqt�ä !uæ1�UY[n[_`t�Zk^`edn[Y[tbt Y[sFY[cd_ a(Y[t`t \wâiY[t™~y\gc	å nqeia(a�j‹ckopn
\�_`Y*_`škY[op^	eijk_`Zkjk_$ædv�t`Y[c	åkopc	â=a�ei^bY8Y[siY[cd_

a(Yqtbt \wâiY[t�ämr�ck}poˆáiY t`_b^bj‹n[_bjk^`Y3åTt`n[opY[cd_boÈè]n Zk^be?âi^U\�a(t™~kt`oua�j‹} \g_bopeic�t`vdtb_bYqa(tmš•\™siY a(ei^`Y	ckeicdž�åkY[_`Y[^ba�opckoptb_bopn	a(Yqtbt \wâiYUž

tbYqc	åkopc	â(Z•\�_b_`Y[^bc‹t�ä

ß

_�a�\�cdv Z]eFopc|_`tmopc=_bopa(YF~k\�c=e,æ1�UYqn[_	a�\™v–æ]Y	fw\�n[Y3åÀç;ou_`š�\�åkop}pY[a(a(\
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Figure 1. Checkpointing for fault-tolerance . Periodic checkpoints are saved on stable storage
to limit the amount of recomputation that must be performed upon recovery.
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Figure 2. Checkpointing a typical unipr ocessor transparentl y. The por tion of the user' s address
space that may be modi®ed by the program is saved on stable storage .
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Figure 4. The domino effect. A scenario like this one will force the program to restar t from the
beginning in the event of a failure, rendering all checkpoints useless.
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Figure 5. Overhead of sync-and-stop vs. Chandy-Lampor t on the Intel iPSC/860. Although sync-
and-stop is more primitive and freezes all the processor s, its does not degrade performance
signi®cantl y in most applications.
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Figure 6. Overhead of checkpoint buffering on the Intel iPSC/860. Buffering can greatl y impr ove
the overhead of checkpointing by allo wing the application to continue while the checkpoint is
written to disk.
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Figure 7. Overhead of copy-on-write buffering on a network of Sun 3/60 workstations. Copy-
on-write buffering impr oves performance in a manner similar to checkpoint buffering, but with
less demands on physical memory .
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Figure 8. Overhead of forked checkpointing on a Sun Sparc-2 workstation. Forked checkpoint-
ing takes advantage of the Unix

�����

‰�� � system call, which is implemented using copy-on-write
in the operating system.
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Figure 9. Overhead of incremental checkpointing on a Sun Sparc-2 workstation. When an appli-
cation modi®es a fraction of its address space between checkpoints, incremental checkpointing
can impr ove checkpointing performance .
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Cellular automaton simulation
Simple: 8.5 Mb

Incremental: 8.4 Mb
W/ mem. exclusion: 4.3 Mb

Figure 10. Overhead of checkpointing with programmer -directed memory exclusion on a Sun
Sparc-2 workstation. With a few hints from the programmer , memory exclusion can impr ove
the performance of checkpointing signi®cantl y.
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Sparse matrix solver:
Uncomp: 0.310 Mb/node
Comp: 0.075 Mb/node
Comp. factor: 0.757
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Fast Fourier transform:
Uncomp: 1.0 Mb/node
Comp: 0.91 Mb/node
Comp. factor: 0.11
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Matrix reduction:
Uncomp: 3.6 Mb/node
Comp: 1.5 Mb/node
Comp. factor: 0.59
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Iterative equation solver:
Uncomp: 4.8 Mb/node
Comp: 0.46 Mb/node
Comp. factor: 0.90

Figure 11. Overhead of checkpointing with compression on the Intel iPSC/860. In order for
compression to impr ove checkpointing performance, the CPU overhead of compressing the
checkpoints must be lesser than the savings gained by writing smaller checkpoint ®les. On
the iPSC/860, the stable storage bottlenec k combined with the fact the processor s compress
in parallel allo wed compression to be bene®cial
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