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Course Projects
• Project Topics 

– Prior project list on 15-712 webpage

– Look to research you are already doing, if on topic for course

– I can also suggest some projects – come talk to me

• Friday 2/17 Deadline to form project teams (teams of 3)

• Friday 2/24: Day of meetings to discuss project ideas
– Each team comes with 2-3 ideas for project proposals

• Wednesday 3/1: Project proposals due 11:59 pm
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Today’s Papers

“A Case for Redundant Arrays of 
Inexpensive Disks (RAID)” 

David A. Patterson, Garth Gibson, Randy H. Katz 1988

“Disk Failures in the Real World: What Does 
an MTTF of 1,000,000 Hours Mean to You?”

Bianca Schroeder, Garth A. Gibson 2007

Optional Further Reading:
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• Dave Patterson (UC Berkeley)
– ACM Turing Award
– Eckert-Mauchly Award
– NAE, NAS, AAAS

• Garth Gibson (UC Berkeley PhD, CMU, Vector Institute)
– Founder/CTO                   , President/CEO Vector Inst.
– IEEE Info. Storage Award, ACM Fellow, IEEE Fellow

• Randy Katz (UC Berkeley)
– IEEE Info. Storage Award, NAE, AAAS
– ACM Outstanding Educator Award

“A Case for Redundant Arrays of 
Inexpensive Disks (RAID)”

David A. Patterson, Garth Gibson, Randy H. Katz 1988
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SigOps HoF citation (2011):
The paper shows how to achieve efficient, fault tolerant and 
highly available storage using cheap, unreliable components.

“A Case for Redundant Arrays of 
Inexpensive Disks (RAID)”

David A. Patterson, Garth Gibson, Randy H. Katz 1988
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Birth of RAID
• CPUs are going along nicely

• But Amdahl’s Law says CPU cycles wasted if disk doesn’t keep up

𝑺𝑺 = 𝟏𝟏
𝟏𝟏−𝒇𝒇 +𝒇𝒇/𝒌𝒌

• e.g., if you make 30% of the system run 9x faster:

S = 𝟏𝟏
𝟏𝟏−𝟎𝟎.𝟑𝟑 +𝟎𝟎.𝟑𝟑/𝟗𝟗

= speedup of only 1.36x  (yikes!)

S = speedup
f = frac work faster

k = how much faster
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General Problem!
Balancing performance of components in a computer system 

== eternal challenge
– CPU speed
– Memory cache speed (L1, L2, L3, ...)
– Bus speed
– Disk throughput
– Disk IO operations / sec
– Network throughput
– Network latency

Trying to substitute one for another == great fun, popular
– Transistors for memory speed: prediction...
– Spend local disk instead of network BW: Caching
– Spend network BW instead of local disk: RDMA



8

The Pending I/O Crisis
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Comparison of Disks (circa 1988)

Mainframe Minicomputer PC

Disk Array of 75 PC disks has 12x I/O BW of IBM 3380, 
same capacity, lower power consumption, lower cost!
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2013 vs. 1988
• Capacity up 1000X
• Transfer rate up 100X
• MTTF up 30X
• IO/sec up 5X

Disk
Specs
(2005,
2009,
2013)

1988
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Striping for Read Throughput
Goals:

• Load balance high-concurrency, small accesses across disks

• Enable parallel transfers for low-concurrency large reads

Striping to the rescue!

• Uniform load for small reads
– If striping unit contains the whole object

(e.g., small read is contained on one disk)

• Parallelism for large reads
– Stripe unit small enough to spread read across many disks
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And Now The Bad News

MTTF of Disk Array = MTTF of Single Disk / Number of Disks in Array

100 CP 3100 disks has MTTF = 300 hours 
vs. 3 years for IBM 3380:  This is dismal

1000 CP 3100 disks has MTTF = 30 hours, 
requiring an adjective worse than dismal
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Adding the R to RAID
D = total number of data disks
G = number of data disks in a group
C = number of check disks in a group
𝒏𝒏𝑮𝑮 = D/G = number of groups

𝑴𝑴𝑴𝑴𝑴𝑴𝑭𝑭𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮 =
𝑴𝑴𝑴𝑴𝑴𝑴𝑭𝑭𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫
𝑮𝑮 + 𝑪𝑪

×
𝑴𝑴𝑴𝑴𝑴𝑴𝑭𝑭𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫

𝑮𝑮 + 𝑪𝑪 − 𝟏𝟏 𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴

𝑴𝑴𝑴𝑴𝑴𝑴𝑭𝑭𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹 = ⁄𝑴𝑴𝑴𝑴𝑴𝑴𝑭𝑭𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮 𝒏𝒏𝑮𝑮
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RAID Level 1: Mirrored Disks
D = total number of data disks
G = number of data disks in a group = 1
C = number of check disks in a group = 1
𝒏𝒏𝑮𝑮 = D/G = number of groups

𝑴𝑴𝑴𝑴𝑴𝑴𝑭𝑭𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮 =
𝑴𝑴𝑴𝑴𝑴𝑴𝑭𝑭𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫
𝑮𝑮 + 𝑪𝑪

×
𝑴𝑴𝑴𝑴𝑴𝑴𝑭𝑭𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫

𝑮𝑮 + 𝑪𝑪 − 𝟏𝟏 𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴

𝑴𝑴𝑴𝑴𝑴𝑴𝑭𝑭𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹 = ⁄𝑴𝑴𝑴𝑴𝑴𝑴𝑭𝑭𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮 𝒏𝒏𝑮𝑮
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RAID Levels 2-4
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RAID Level 5

D = data disks
G = data disks/group
C = check disks/group
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Discussion: Summary Question #1

• State the 3 most important things the paper says. These could be 
some combination of their motivations, observations, interesting 
parts of the design, or clever parts of their implementation.
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RAID Level 1-5 Comparison 
RMW Efficiency/Disk & Capacity

D=100
G=10
S=1.3
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RAID 5 vs. IBM 3380
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First & Second RAID Prototypes
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Discussion: Summary Question #2

• Describe the paper's single most glaring deficiency. Every paper 
has some fault. Perhaps an experiment was poorly designed or the 
main idea had a narrow scope or applicability.
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• Bianca Schroeder (CMU PhD/post-doc, Toronto)
– Outstanding Young Canadian Comp. Sci. Prize
– PC Chair for Systor 2020, Usenix FAST'14, 

ACM Sigmetrics’14, IEEE NAS'11

• Garth Gibson (CMU, Vector Institute)

“Disk Failures in the Real World: What Does 
an MTTF of 1,000,000 Hours Mean to You?”

Bianca Schroeder, Garth A. Gibson 2007

FAST’07
Best

Paper

USENIX
Test of Time

Award
2019
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Seven Disk Failure Data Sets

From disk replacement logs in production systems

ARR = Annual replacement rate
Caveat: 43% of returned disks have no problems [Seagate]
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Disks vs. Other HW Components

Relative frequency of HW component replacement

Outages attributed to HW
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Datasheet AFRs vs. Observed ARRs
13.5

AFR

Obs 1: Avg. ARRs > 3.4x higher than datasheet MTTFs
Obs 2: ARRs for age 5-8 upto 30x higher than datasheet MTTFs
Obs 3: ARRs for age < 3 upto 6x higher than datasheet MTTFs

Obs 4: ARRs for SATA disks not worse than SCSI/FC disks
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Age-dependent Replacement Rates

Obs 5: Contrary to conventional wisdom, replacement rates
steadily increase over time (no bottom of the bathtub)

Obs 6: Early onset of wear-out is significant,
infant mortality is not
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Correlation of Disk Replacements

Obs 7 & 8: Disk replacement counts exhibit
significant levels of autocorrelation & long-range dependence
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Distribution of Time Between Failures

Obs 9 & 10: Time between disk replacements does NOT follow
an exponential distribution & it has a higher variability

Obs 11: Expected remaining time until the next disk was replaced
grows with the time since the last replacement
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Discussion: Summary Question #3

• Describe what conclusion you draw from the paper as to how to 
build systems in the future. Most of the assigned papers are 
significant to the systems community and have had some lasting 
impact on the area.

For Both Papers
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Transactions and Databases (I)

“On Optimistic Methods for Concurrency 
Control”

H. T. Kung, John T. Robinson 1981

Monday’s Paper
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