Universityof Wisconsin - Madison

Reducing the Checkpointing Burden of Condor :

Analysis and Implementation

Computer Sciences 736

John Bent and GregoryR. Bronner

Prof. Remzi Arpaci - Dusseau

Saturday , May 13 , 2000

Acknowledgeme nts:

We wish to acknowledge the generous help of the Condor T eam, and especiallyof the Condor T eamstaff members T odd T annenbaum, Jeff Ballard, Peter Keller, D erek Wright, and Peter Couvares. T he original idea to investigate Condor checkpointing came fro mJimBasney, and Doug T hain and Rajesh Raman answered manyof our questions. Finally, we thank Remzi Arpaci - Dusseau for his gu idance and criticismof our work.

Table of Contents:

REDUCING THE CHECKPO INTING BURDEN OF

CONDOR : ANALYSIS AND IMPLEMENTATION

......... 0

T ABL E OF CONT ENT S: ................................ ................................ ................................ ............................... 2

T ABL E OF FIGURES: ................................ ................................ ................................ ................................ ... 2

Introduction: ................................ ................................ ................................ ................................ ................................ 3

Background: ................................ ................................ ................................ ................................ ................................ . 3

Plan of Attack: ................................ ................................ ................................ ................................ ............................. 3

Previous Work: ................................ ................................ ................................ ................................ ............................ 4

Other Checkpointing Ideas : ................................ ................................ ................................ ................................ ........ 4

Our Work : ................................ ................................ ................................ ................................ ................................ .... 5

Part One: M easurement of the Dirtiness of Pages in Long Running Processes: ................................ .................... 5

Part Two: Implementation of Incremental Checkpointing: ................................ ................................ .................... 7

What W e L earned an d W hat W e W ould D o D ifferently: ................................ ................................ ........................ 9

Conclusions: ................................ ................................ ................................ ................................ ............................... 10

Future Work : ................................ ................................ ................................ ................................ ............................. 11

BIBLIOGRAPHY ................................ ................................ ................................ ................................ ...................... 12

Table Of Figures:

Figure 1 : Most users´ programs are consistent in the percentage of their data segment pages that theyupdate.

................................ ................................ ................................ ................................ ................................ 4

Figure 2 : Percentage of clean pages byuser. Note that this is highlyuser dependent because different users run different kinds of jobs. Also not e that these are generallyhigher than synthetic benchmark figures generated five years ago. ................................ ................................ ................................ ................................ ......... 6

Figure 3 : T otal potential savings and total data checkpointed . Note large usage differences between users. 7

Figure 4 : T he overhead of incremental checkpointing. ................................ ................................ ................. 8

Figure 5 : Checkpoint latencytimes as a function of image size and percent and localityof modified pages. 9

Introduction:

Condor is a distributed systemth at harnesses the power of users´ unused workstations to deliver large amounts of computing to CPU intensive projects. Because users can and do claimtheir machines at unforeseeable times, Condor checkpoin ts programs´ state periodically and migrates inter rupted jobs to newhost machines. Additionally, Condor checkpoints a job when it detects user activityat the terminal; this is called a vacate checkpoint .

As enrollment in a Condor pool is usuallyvoluntary, the Condor systemmust strive to minimize user disruptions.

In particular, this necessitates finding a balance between shipping a s little data across the network as possible (to avoid saturating it), while vacating computers as quicklyas possible. Our research represents an attempt to make

Condor mo re user - friendlybyimproving vacate speeds while reducing network bandwidth.

Background:

In UNIX, as in most modern operating systems, the state of a process consists of the contents of the memoryin its address space, its open files, pending signals, t he state of the registers, and anyother operating system - specific features that affect the computation. T he most important idea of us er - level checkpointing was that it is possible to reduce the problemof saving the state of kernel - level state v ariables (registers, open files, etc.) to the problemof saving user - level memorybyusing setjmp/longjmp calls which have the effect of pushing kernel - type information onto the stack, where it is accessible to user - level programs, and can be written to di sk. As the image size of processes has grown, fueled bythe rise of virtual memory, the amount of time that it takes to write the pr ocess to disk has also grown, as I/O speeds have not kept pace with the growth in process sizes.

More recent work on u ser - level checkpointing has focused on making the checkpoints smaller and on improving the speed of checkpointing. T he most promising idea to come out of this research effort is probablyincremental checkpointing; rather than write out the entire process space to disk, these methods attempt to write out onlythe differences, relying on memorylocalityand frequent checkpointing to ensure that th e differences are much smaller than the whole space.

T he aimof this project was to determine to what to extent modern ideas of user - level checkpointing would improve the user and network - friendliness of C ondor, without making it less stable, less archi tecture or operating systemneutral, or less reliable. Additionally, the previous work developed checkpointing strategies that were optimized for a synthetic load of mostlynumerical or mathematical software runn ing on much slower machines and that ch eckpointed everyfewminutes . We wanted to see whether these same ideas of incremental checkpointing would be applicable in Condor, which runs a wide range of CPU intensive software and typically checkpoints much less freq uently(the default interval is three hours ) .

Plan of Attack:

In order to determine whether incremental checkpointing would be beneficial to Condor, we pr oceeded as follows:

· First we examined the relevant literature and data on checkpointing.

· Next we attempted to measure the redundancyin Condor´s current checkpointing scheme byimplementing a tool that did a page - by - page comparison between the current ch eckpoint and its immediate predecessor, and calculated the number of pages that were newand that had had data written to them( dirty pages) .

· We then condensed this information and imported it into a relational database, and attempted to infer whether incremental checkpo inting would offer anyperformance improvements over conventional checkpointing. As a side - effect, we were able to test long - termpatterns of memoryusage in several different kinds CPU intensive programs; these results tended to agree with the published literature.

· We then set out to modifyCondor to support incremental checkpointing, using some simple incremental checkpointing techniques.

· Finally, we measured the time latency performance of incremental checkpointing v ersus normal Condor checkpointing on a synthetic workload.

Previous Work:

With the rise of the personal computer during the early1980s, the aggregate amount of computing power rose quickly. At the same time, much of this power was invested in single - user workstations that spent most of their time ru nning screen savers or waiting for their owners to return. T he Condor systemwas developed to harness the wasted cycles fromthese computers, but in order to ensure forward progress, a mechanismfor user - level checkpointing had to be developed.

Litzkowa nd Solomon developed user - level c heckpointing; this evolved to work on most variants of the UNIX operating system 1 . T he basic mechanismthat theyused was to use setjmp calls to capture the programstate

(registers, etc.) into memory, and then writ e the entiretyof each segment (excluding the text segment, which is read only) to disk. Later, this mechanismwas modified to copythe segments to a temporarysegment, compress that segment using gzip , and send the resulting compressed file to a checkpo int server. T his method is called compressed checkpointing ; although popular in some Condor installations, it is veryslowand has been turned off in manyCondor pools for this reason .

More recently, a group led byJames Plank developed alternative mechanisms for performing checkpointing.

T heyreasoned that if a process does not dirtyall of its pages between checkpoints, sending the clean pages back to the checkpoint server represents wasted effort, as these pages have not changed fromthe previous checkpoint.

Specifically, theydeveloped several techniques including:

Incre mental C heckpointing : All writ able pages are set to read onlyusing mprotect ; the resulting segmentation violation gets trapped; the offending page has its permissions re set to read - write and the page number is written to a list of dirtypages. T his method impose s the overhead of an mprotect once per dirtypage, as well as the time necessaryto process a signal and jump to the appropriate signal handler, but can dramaticallyreduce the amount of data written at checkpoint time if a significant number of pages are not modified between checkpoints .

Copy - On - Write C heckpointing : As dirtypages are swapped out of memory, theyare written to a log - structured checkpoint file; at checkpoint time onlydirtypages must be written out to disk. T his has the advantage of reducing vacate time, but the disadvantage of requiring access to the kernel paging mechanism.

Bitwise Compressed Differences: At checkpoint time, the dirtypages are XOR ed with the previous contents of the page. In the event that the pages are similar, most of t he contents of the difference will consist of long sequences of zeros. In that case, the differences can be compressed using standard compression algorithms, and the result will be much smaller than one page.

Human Assisted Checkpointing: Using informatio n supplied bythe user, in the formof include_bytes, exclude_bytes, and checkpoint_here calls, the amount of data to be checkpointed can be reduced dramaticallybyeliminating the checkpointing of memorywhose value is no longer needed for the computation , and bychoosing to checkpoint at times when the total amount of d ata to be checkpointed is least (e.g. at the beginning of an iteration for an iterative process). We chose not to use these ideas because theyweren´t applicable to the research that we were performing, and because we didn´t reallybelieve that most people were willing or able to modifytheir programs in order to run themunder Condor.

Compiler Assisted Checkpointing: Basicallythis is the same as human assisted checkpointing, but it in volves using the compiler to make the judgments about when to checkpoint. Although this is a promising tec hnique and maywell offer large savings, it was beyond the sco pe of this project and somewhat outside of our areas of interest.

Plank´s group validated their results through a series of synthetic benchmarks consisting primarilyof publicly available mathematical or computational physics software. Wh at theyfound was that over a ninetysecond interval, the efficiencyof various checkpointing mechanisms depended upon the rate at which the pages were dirtied; in cases where most pages were not dirtied, incremental checkpointing was a clear win.

Figure 1 : M ost users´ programs are consistent in the percentage of their data segment pages that the y update .

Other Checkpointing Ideas :

Probabilistic Checkpointing: T he idea behind this was that byhashing the value of all memoryin a page, we could obtain a piece of summaryinformation which could be compared with a page on disk or across the network easily. T he trouble with this mechanismis that unless the hash code is as long as the page, there is n o wayto

1 While versions of Condor have been developed for non - UNIX operating systems, all have been shipped in a

`clipped wing´ format, meaning that theydo not support checkpointing.

determine whether the pages are identical. T hrough mathematics, we could guarantee that the probabilityof determining two different pages to be the same would be less than an arbitrarynumber, albeit at increasing expense.

Like lottery - based scheduling, probabilistic checkpointing failed to gain wide - spread acceptance because of most people ´ s reluctance to accept anything other than deterministic methods. Indeed, Professor Miron Livny , head of the

Condor project, reacted quite stronglyagainst it, correctlyarguing that potentiallyinaccurate computa tion would be hard to sell , and that manyusers would be justifiablyreluctant to use such a system .

Our Work :

Our work is composed of two parts. In the first section we designed and implemented a systemto measure the dirtiness of pages in processes submitted to the Condor system. In the second part, we implemented an incremental checkpointing system, and com pared the performance of this systemto the performance of the standard sequential checkpointing algorithmon a synthetic workload.

Part One: Measurement of the Dirtiness of Pages in Long Running Processes:

We measured the dirtiness of user jobs by adding code at the checkpoint server. We did this byexamining the checkpoint files immediatelyafter the checkpoint, and comparing the most recent checkpoint file with its predecessor. In order to ve rifythe accuracyof this process, we wrote programs that dirtied specific patterns of bytes and then checkpointed the image; the resulting summaryof the checkpoint file was visuallyinspected for accuracy.

T he checkpoint file format is fairlysimple; it consists of a header, a number of segment information structures, and the a series of data blocks which correspond to the data contained in each segment. Using this information, were able to collect statistics about the process on a page - by - page basis; at checkpoint time a script appended the most recent statistics to a log file stored on the checkpoint server .

Specifically, the statistics that we kept consisted of the size of the process, the page size of the hos t architecture , the number of dirtypages, th e percent of modified bytes on the dirtypages, the number of newpages added to the process, the number of segments and their types, the owner of the job, its name, and the time of the checkpoint.

Although we did collect the data necessaryto determine the page localityof dirtypages (e.g. the historyof a specific page over time), we did not incorporate this data into our database, as it would have made our database too large; a future studymaywish to explore this more fully.

Because of the necessityof not overloading the checkpoint server, we did not attempt to performanalysis at the time of data collection. Additionally, none of the users were notified that we were running this checkpoint analyzer during the investigation period, nor did Condor´s speed or reliabilitychange noticeablyduring the period;

consequentlywe believe that our measurements did not affect the quantities measured, nor did it induce users to behave differentlyduring the measurement period than they do at other times.

During the me asurement interval, which lasted approximatelyone month, we checkpointed over 180 0 jobs, comprising the work of nine distinct users, and consisting of over 1.6 terabytes of data. After collecting the data, we were careful to remove the checkpoints generated bymembers of the Condor teamfor testing and development purposes.

Proportion ofClea n Data Se gm ent Pa gesover T im e by Use r

0

0 .1

0 .2

0 .3

0 .4

0 .5

0 .6

0 .7

0 .8

0 .9

1

16111621263136414651566166717681869196101106111116121126131136141146151156161166171176181

Sequenti al Checkpoi nt #( roughl y 3houri nterval s)

Prop. Clean Pages

Ferris

Gl ew

Gl ew 2

E l ia s s i

Narfi

Narfi 2

Raj w ar

X i nyo ul

T he first result that we obtained was that in long - running jobs, the size of the data segment dominates the size of all other writable segments combined. Most shared librarysegments ar e quite small, often consisting of onlya page or two of memory, and the stack segments rarelyexceed five or six pages; about 98% of the pages checkpointed were in data segments. After realizing this, we concentrated our efforts on reducing latencyin ch eckpointing the data segment; the potential benefits to improving the checkpointing of other segment types did not justifythe implementation overhead.

Next we observed that the proportion of clean pages in each checkpoint stayed relativelyconstant when viewed on a per user basis. T his is shown in figure 1; note that for mos t users the proportion of clean pages varied only slightlyover time.

More importantly, this showed us that the past his toryo f a process´ propensityto modify memorywas a fairly reliable indicator of its future propensityto do the same; for some users the correlation between the percentage of clean pages at time t and at time t+1 was as high as .91; the average value wa s greater than 0 .7, meaning that the previous value predicted at least 70% of the variance in the observed value. n which user´s job was being checkpointed . T his result can be most easilyexplained bythe fact that must users ran the same programs multiple times , onlyvarying the input data.

P e r c e n t C l e a n b y U s e r

0 %

2 0 %

4 0 %

6 0 %

8 0 %

1 0 0 % e l i a s s i f e r r i s g l e w g o l b o n n a g l e n a r f i r a j w a r t k x i n y o u l

U s e r

%Clean

D i r t y

C l e a n

Figure 2 : Percentage of clean pages by user. T his is highly user dependent because different users run different kinds of jobs. Also note that these are generally higher than synthetic benchmark fig ures generated five years ago. [Not shown: The standard deviation of these averages was very low.]

T he most interesting aspect of figure 2 is that the percentage of clean pages can be quite high, and is much higher than the Plank group reported, even though Condor checkpoints a process everythree hours, while the Plank gro up checkpointed their programs everyninetyseconds. We have several explanations for this discrepancy:

1. T he Plank group ran primarilymathematical simulations which tended to performrandomaccess on matrices; several of these synthetic benchmarks actuall ytouched almost all of their memorybecause theyperformed matrix computations of the formA n+1

=F(A n

); because this type of computation writes a newmatrix over the old one, it tends to touch manypages.

2. Condor users have been moving awayfromusing Condo r solelyfor numerical calculation; theynow tend to submit other types of jobs including artificial intelligence simulations (eliassi), integer programming (ferris), integer benchmarks (SPECint 95) running on a simulated processor at lowspeed

(glew), num erical simulations (narfi), etc.. Some of these jobs maybe sticking large data structures into memoryand just reading fromthem.

3. Object oriented programming tends to create large objects, but much of the object doesn´t change much after the object is ini tialized; this would create pages that were perenniallyclean.

4. Certain types of simulation codes have become more efficient byemphasizing computation onlyin areas in which the investigator is interested. An example of this would be a climate simulation that confined most of its updates to North America 2 .

2 AndyGlewsuggested this idea.

5. Using the working - set model of programbehavior, a programmayrapidlydirtymost of the pages that it is interested in, but confine all successive writes to those pages; this could be tested byrunning the checkpoints more often, but we have not had time to do this yet.

Using this data, we were able to calculate the potential benefits of incremental checkpointing. T heyare summarized in Figure 3.

Total Si ze andSavi ngs byUsers

0

100,000

200,000

300,000

400,000

500,000

600,000

700,000 elias s i f err is glew go lbon na gle na rf i r ajwar tk xinyoul

User

MB

Cl ean

Total Checkpoi nt ed

Figure 3 : Total potential savings and total data checkpointed. Note large usage differences between users.

What is readilyapparent is that a significant amount of data that was checkpointed consisted of unchanged pages. Over the 23 days that we kept stat istics on unchanged pages, we determined that roughly 0 .7 of the 1.2 terabytes that we checkpointed were clean pages. T his represents a significant opportunityto reduce the latencyand overhead of checkpointing and reduce byabout 60% th e Condor network traffic. In the current UW pool, this would result in a savings of 30 gigabytes of network bandw idth every day. Based upon this data we decided to continue implementing incremental checkpointing.

Additionally, Figure 3 also confirms a historical fact of Condor usage: the top fewusers typicallyaccount for almost all of the resource consumption. In p articular, during our experimental period, several users ran long - running jobs that checkpointed often, while others, such as the user tk dispatched hundreds of short - lived jobs that often finished in three hours or less, thus obviating the need for check points .

Part Two: Implementation of Incremental Checkpointing:

Once we had established the network bandwidth savings that could be achieved with a policyof incremental checkpointing, we were curious to examine whether we could expect a simi lar reduction in the time latencyof the checkpoint event. As mentioned before, Condor jobs often must vacate a non - dedicated execution machine when keyboard activityat that machine indicates that the machine´s user has returned. In order to be as socio logicallynon - intrusive as possible, Condor must either checkpoint veryquicklyor lose all throughput since the last periodic checkpoint 3 .

An implementation of incremental checkpointing uses a Unix system - call, mprotect , to write - protect the

3 JimBasney, a researcher at the Universityof Wisconsin, has recentlybeen working on a third option, ^slow~ checkpointing. Slowcheckpointing splits writing the checkpointing image into multiple writes and sleeping between th emto lower the user´s perception of Condor´s intrusion.

image´s pag es in memoryand a signal handler function to respond appropriatelyto the resulting segmentation violations that occur when the user code attempts to write to the nowprotected memory. Bymprotecting the image following either a checkpoint or a restart e vent, we can use the resulting segmentation violations to track which pages of an image have been modified since the previous checkpoint. Subsequent checkpoints need onlywrite this set of dirtypages.

Fromour measurements, we had seen that 98% of the pages in processes are contained within the data segment

(i.e. the stack and the shared libraries contribute an insignificant number of pages to the total image size). For this reason, we decided to implement incremental checkpointing on the data segment onlyand retain the current policyof sequential checkpointing for the other segments within the memoryspace of the process.

Within the signal handler function, we wrote code to reset the permissions on the offending page so that the violating write ins truction can successfullycomplete when execution returns fromthe signal handler. Before we can return fromthe signal handler however, we must update a data structure somewhere to remember which pages have been modified. One somewhat trickyaspect of t he implementation is the placement of this data structure. Situating it within the data segment, which is the default location for dynamicallyallocated memory, will result in re - entrant signal handling when we attempt to modifyit. T his can have disastr ous consequences.

T o avoid this, we maintained our data structure in a newsegment of memorywhich we allocate for this purpose by mmaping /dev/zero 4 to an unused space in memory. We allocate this segment to hold a fewvariables for accounting and to r emember the original end address of the data segment and to hold a bitmap containing one bit for each page in the data segment. T he original end address of the data segment is used to compute whether the data segment has grown since the last checkpoint. T his allows us to include anynewpages with the modified pages when we write our incremental checkpoint.

T o measure the overhead of adding mprotect and the signal handling of the segmentation violations, we ran two microbenchmarking programs in three differ ent operating systems. One programmicrobenchmarked the mprotect system - call, byallocating a 10,000 page arrayand then mprotecting each page twice, first as read - onlyand then as read - write. T he other programmicrobenchmarked our signal handling code b ysimilarlyallocating a 10,000 page arrayand then mprotecting each page as read - onlyand then triggered our signal handler byattempting to write to that page. Each job was then submitted one hundred times to the UW Condor pool to elicit realistic behav ior.

Linux, X86 Solaris, SPARC Solaris, X86

M protect Avg. 2.98 us 5.20 us 5.16 us

Signal Handling Avg. 22.89 us 167.76 us 110.36

Figure 4 : The overhead of incremental checkpointing.

Our microbenchmarks showthat the overhead of incremental checkpointing is minimal. For example, even if everysingle page in a 10,000 - page image is dirtied between checkpoints, the overhead of handling the segmentation violations and the mprotect call for each page adds less than two seconds of execution time between checkpoints. Given Condor´s current three hour interval between periodic checkpoints, this results in less than

0.02% overhead even in the most pathological case.

T o measure anyreductions in the checkpoint time latency, we wrote a programthat allocated a large array and purposefullymanipulated its pages and explicitlycalled the checkpoint routine within the Condor code with which it was linked. T o showthe behavior within all possible ranges of locality, we called checkp oints after both modified pages using randomized localityand then using clustered locality. Our hypothesis was that the localityof the dirtypages would have no effect on sequential checkpointing which always writes the entire image but that incremental checkpointing would fare much better when pages are clustered. Since incremental checkpointing initiates a system - call for each clump of modified pages, randomlyscattered modified pages should take longer to incrementallycheckpoint than if that same nu mber of pages had clustered locality.

4 /dev/zero is a special file in *nix which appears to contain an infinite amount of zeros when read and discards any data which is written to it.

Figure 5 : Checkpoint latency times as a function of image size and percent and locality of modified pages.

One seeming anomalyis that incremental checkpointing is still faster than sequential checkpointing even at

100% dirty. In this case, all pages will be written and incremental check pointing should be slower because it has to ex amine the bitmap. T he reason that this is not the case in our measurements is because the 100% refers to the pages which were activelyin the control of the program. Our test code dirtyeverysingle page of the arraywhich it had allocated. However, the arraydid not fill the entire data segment. Clean portions of the data segment outside of our arraywere not checkpointed byincremental checkpointing but were bysequential checkpointing . Regardless of the total image size, these clean pages outside of our arraywer e usuallyabout 200 pages ; the y consist of pages allocated bythe C runtime libraryand other libraries ; in anyevent theydon ´ t affect the measurements much.

What W e L earned an d W hat W e W ould D o D ifferently:

Unlike some groups, we picked a project that allowed us to work independently, had clear milestones, and m ost importantly, allowed us to viewpreliminaryresults veryquickly. During the course of the p roject, we worked independently and at different times, communicating through email. As each of us had a different skill set, this allowed us to occasionally work at problems in parallel without stepping on each others toes. Having clear milestones allowed us to focus on near - termobjectives, and encouraged us to focus on completing small sections of the project without feeling as if we had to get everything d one all at once; it also gave us a sense of where we were relative to our original estimates. Finally, picking a problemthat allowed us to start generating data quicklyallowed us to avoid the trap of having to complete the project before obtaining anyd ata, and allowed us to use preliminary analyses of the data to steer the project in more promising directions.

Initiallywe concentrated on trying to re - use existing code, but we were unable to separate the classes from the libraries in which theywere embed ded ; this resulted in some verysimple executables that were over 2 mb in size, and were excruciatinglyslow. Our further attempts were stand - alone programs; we re - implemented a lot of the data structures and made themindependent of the Condor librar ies. As a result, we had to learn UNIX systemcalls, signals, etc., and became quite familiar with the man pages; as a result of reading manyof the header files in

/usr/include on several different OS/OS version combinations, we gained a newfound underst anding of howan

operating systemworks. We also benefited fromthe expertise of the Condor teamin figuring out the differences

between similar systemcalls and communications paradigms.

One task that occupied a lot of time was attempting to get our che ckpoint comparison tools to work with

everypossible OS, OS version, architecture, and compression level of checkpoint and checkpoint server. In

particular, obtaining accounts on the respective machines, accumulating a testing libraryof representative

ch eckpoints, and ensuring that the code would be not onlycross - platform, but cross - architecture as well proved to be

quite tedious. When confronted with a user who was working on a 64 bit machine, we elected to stop development

on our tools and simplyigno re his checkpoints (which were only 40 out of 20,000) . If we had to do it again, we

would prefer to work in a more homogenous environment, as system calls and signals tend to be some of the least

portable portions of a program.

We managed to start earlyenough to collect a significant amount of data, but we collected the data before

we designed the database to analyze it. T his resulted in us having to write, debug, and test a series of customparsers;

had we started analyzing data immediatelyafter collecting it, we would have been abl e to design our log files to be

more easilyinterpretable bythe databa se, we w ould have gotten more complete data, and we would have been able

to omit a long series of steps necessaryto fix incomplete rowentries in the database 5 .

We would have also l iked access to a higher end database on a more expensive piece of hardware, as joins

against a large table are extremelyslowin Access (theysometimes took well over half an hour on Greg´s laptop),

and our tables comprised around 35 MB without accounting for indexes, and the additional columns that we added.

Finally, we would have liked access to a lot more disk space and/or a reallylarge tape arrayto archive

checkpoints as theycame in; this would have allowed us to do more analysis , would have al lowed others to check

and validate our data, and would have supplied a series of trace files for future checkpointing investigations.

Conclusions:

Based upon our investigations, we believe that incremental checkpointing is worthwhile for manynon -

numeric al jobs submitted to the Condor system. We have seen that the overhead of performing incremental

checkpointing is negligible , the reduction in vacate latencyand network bandwidth significant, and in the worst case,

incremental checkpointing remains compa rable to sequential che ckpointing. Furthermore, because of the similarity

of users ´ jobs and because of jobs ´ propensityto touch roughlyequal fractions of pages each checkpoint cy cle, we

have two powerful mechanisms for determining which jobs would be good candidates for incremental checkpointing.

T he major reservations that we have about incremental checkpointing are that it adds complexityto the

c heckpointing code, that it adds one more systemcall ( mprotect) to the list of calls t hat are not supported in

Condor, and that it is somewhat less por table across operating systems. However, we believe that a properly

abstracted, architecture - independent checkpointing librarycould make Condor a much more network - friendly

product. T here is also the potential issue of overwhelming the checkpoint server. Since the checkpoi nt server has to

update the checkpoint file with the newdata, it might not be able to respond as quicklyto checkpoint requests. We

personallydoubt that this would be a problem since we reduce the server workload byreducing the amount of data

which it receives , bu t if it is a problem, a site c ould choose to establish multiple checkpoint servers. Finally, there is

a veryslight risk of incorrect results due to t he non - idempotence of the checkpoint file update process using

incremental checkpointing; if half the blocks in the file have been updated and the checkpoint server crashes, the

checkpoint is in an inconsistent state, and cannot be used to res tart the process.

Additionally, the benefit of havi ng the abilityto store a series of checkpoints could be quite invaluable for

debugging purposes, or for restarting long - running distributed computations in the face of hardwar e or software

failure that occurred before the previous checkpoint .

5 As an example, we didn´t start collecting page size information until about a week after we started, so we had to go

through, find all entries withou t page size information, identifythe computer that the checkpoint came from, find

another entryfromthat computer with a correct page count, and update all incorrect rows. As a last resort, we had to

email the CSL and ask for information about a particu lar computer.

Future Work :

Some Condor installations use compression. Due to the sociological intrusion of a slowvacate checkpoint,

the UW pool does not currentlycompress its checkpoints . H owever we would like to see howa policyof

compressing the sequ ential checkpoints compares to incremental (or even compressed incremental ) checkpoints,

especiallywith respect to net work usage , checkpoint storage requirements and vacate latencies .

Next we would l ike to be able to set up a synthetic checkpointing workload, so that we could compare

various approaches to checkpointing on the same data. T his could either take the formof a set of programs that

periodicallygenerated checkpoints, or, in the event that we can find a terabyte of disk or tape, a trace of a month of

Condor checkpoints.

Finally, w e would reallylike to expand the number of users in the Condor user pool, as it seems premature

to re - architect the checkpoint code and checkpoint server on the basis of observat ions of the jo bs of nine users. T his

could be done byeither expanding the number of UW Condo r pool users, or byrunning our measurem ent software at

other sites 6 .

6 We tried to do this at NewMexico and INFN , but ran into organiz ational and technical problems.

BIBLIOGRAPHY

Michael Litzkowand Marvin Solomon, (1992). ^Supporting Checkpointing and Process Migration Outside

the UNIX Kernel,~ USENIX Winter 1992, (283 - 290).

Michael Litzkow, T odd T annenbaum, JimBasney, and Miron Livny, ^Checkpoint and Migration of U NIX

Processes in the Condor Distributed Processing System~

James Plank, Micah Beck, GerryKingsley, and Kai Li, (1995). ^Libckpt: T ransparent Checkpointing

under UNIX,~ USENIX Winter 1995 Technical Conference

James Plank, Kai Li, (1994). ^Low - Latency, Concurrent Checkpointing for Parallel Programs,~ IEEE

T ransactions on Parallel and Distributed Systems, 5(8), Aug 1994, pp 874 - 879

James Plank, Yuqun Chen, Kai Li, Micah Beck, GerryKingsley, (1995). ^MemoryExclusion: Optimizing

the Performance of Chec kpointing Systems,~ T echnical Report UT - CS - 96 - 335, August 1996

James Plank, Jian Xu, and Robert Netzer. (1995) ^Compressed Differences: An Algorithmfor Fast

Incremental Checkpointing~, T echnical Report CS - 95 - 302, Universityof T ennessee