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Machine Architecture
(Things Your Programming Language Never Told You)

Herb Sutter

Machine Architecture
High-level languages insulate the programmer from the machine. 
¢ƘŀǘΩǎ ŀ ǿƻƴŘŜǊŦǳƭ ǘƘƛƴƎ -- except when it obscures the answers to 
ǘƘŜ ŦǳƴŘŀƳŜƴǘŀƭ ǉǳŜǎǘƛƻƴǎ ƻŦ ά²Ƙŀǘ ŘƻŜǎ ǘƘŜ ǇǊƻƎǊŀƳ ŘƻΚέ ŀƴŘ 
άIƻǿ ƳǳŎƘ ŘƻŜǎ ƛǘ ŎƻǎǘΚέ
The C++ and C# programmer is less insulated than most, and still we 
find that programmers are consistently surprised at what simple 
code actually does and how expensive it can be -- not because of 
any complexity of a language, but because of being unaware of the 
complexity of the machine on which the program actually runs. 
¢Ƙƛǎ ǘŀƭƪ ŜȄŀƳƛƴŜǎ ǘƘŜ άǊŜŀƭ ƳŜŀƴƛƴƎǎέ ŀƴŘ άǘǊǳŜ Ŏƻǎǘǎέ ƻŦ ǘƘŜ ŎƻŘŜ 
we write and run especially on commodity and server systems, by 
delving into the performance effects of bandwidth vs. latency
limitations, the ever-deepening memory hierarchy, the changing 
costs arising from the hardware concurrencyexplosion, 
memory modeleffects all the way from the compilerto the CPUto 
the chipsetto the cache, and more -- and what you can do about 
them. 
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Apollo Guidance Computer (AGC)
CPU    1 MHz
RAM    4 Kwords in 2ft3

ROM  32 Kwords in 1ft3

Transfer Control

Clear and Subtract

exChange reg. A to Fixed 
(read-only) memory

Transfer reg. A to 
Storage

http://en.wikipedia.org/wiki/Image:Apollo-guidance-computer.jpg


Machine Architecture: Things Your 

Programming Language Never Told You

Herb Sutter

Software Development Consultant

www.gotw.ca/training

© 2007 by Herb Sutter 

except material otherwise referenced.

Date updated: September 20, 2007

Page: 3

Quiz: What Does It Cost?

}Nostalgic AGC lunar landing code:
CAF DPSTHRSH // A = *delta_per_sec_thrust_h (??)
TS DVTHRUSH // *delta_v_thrust_h = A
CAF FOUR // A = *four
TS DVCNTR // *delta_v_counter = A

CS ONE // A = --*one (?)
TS WCHPHASE // *which_phase = A

}Modern C++ code:
int i = *pi1 + *pi2;
double d = *pd1 * *pd2; 
size_t hash = pobj->GetHashCode();

ƻŦǎǘǊŜŀƳ ƻǳǘό άƻǳǘǇǳǘΦǘȄǘέύΤ 
ƻǳǘ ғғ άƛ Ґ έ ғғ ƛ ғғ άΣ Ř Ґ έ ғғ Ř ғғ άΣ ƘŀǎƘ Ґ έ ғғ ƘŀǎƘ ғғ ŜƴŘƭΤ 

} What can you say about the cost of each line?

} What are the most to least expensive operations?

Machine Architecture and You

Q: What is the root of 
(nearly) all hardware 

complexity?

A: Latency.

Q: Does it affect my 
ŎƻŘŜΩǎ performance?

A: Yes. Localitymatters. 
Access patternmatters.

vΥ 5ƻŜǎ ƛǘ ŀŦŦŜŎǘ Ƴȅ ŎƻŘŜΩǎ 
correctness?

A: Yes. By changingits 
meaning, even breaking
άŎƻǊǊŜŎǘƭȅ ƭƻŎƪŜŘέ ŎƻŘŜΦ
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Bandwidth and Latency

}Bandwidth(aka throughput):
άIƻǿ wideƛǎ ȅƻǳǊ ǇƛǇŜΚέ
} Quantity that can enter/exit per unit 

time.
} TAPS peak throughput: 2.1 Mbbl/d.

}Latency(aka lag):
άIƻǿ longƛǎ ȅƻǳǊ ǇƛǇŜΚέ
} Time for item inserted at one end to 

arrive at other end.
} TAPS end-to-end latency: approx. 4.4 d.

}You can always solve a bandwidth 
ǇǊƻōƭŜƳ ǿƛǘƘ ƳƻƴŜȅΦ .ǳǘ ŘƻƴΩǘ 
count on buying your way out of a 
latency problem.

(Do you c why?)

Pipe section, 
TAPS (Trans-Alaska 
Pipeline System)

Latency Lags 
Bandwidth 
(last ~20 years)

CPU: 80286 ςPentium 4
L 21x BW 2,250x

Ethernet: 10Mb ς10Gb
L 16x BW 1,000x

Disk: 3600 ς15000rpm
L 8x BW 143x

DRAM: Plain ςDDR
L 4x BW 120x

L = no contention

BW= best-case

Source: David Patterson, UC Berkeley, 
HPEC keynote, Oct 2004 
(http://www.ll.mit.edu/HPEC/agendas/p
roc04/invited/patterson_keynote.pdf)
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Measuring Memory Latency

AGC 1980 
VAX-11/750

Modern 
Desktop

Improvement 
since 1980

Clockspeed (MHz) 1 6 3,000 +500x

Memory size (RAM, MB) 0.007 2 2,000 +1,000x

Memory bandwidth 
(MB/s)

13 7,000 (read)
2,000 (write)

+540x
+150x

Memory latency (ns) ~12,000 225 ~70 +3x

Measuring Memory Latency

AGC 1980 
VAX-11/750

Modern 
Desktop

Improvement 
since 1980

Clockspeed (MHz) 1 6 3,000 +500x

Memory size (RAM, MB) 0.007 2 2,000 +1,000x

Memory bandwidth 
(MB/s)

13 7,000 (read)
2,000 (write)

+540x
+150x

Memory latency (ns) ~12,000 225 ~70 +3x

Memory latency (cycles) 12 1.4 210 -150x

For comparison (cycles):
Floating-point multiply
Int < (e.g., bounds check)

13.5
1 ?

0.25ς4
<1
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The Machine Everyone Programs For

CPU
Memory

Disk

The Actual Memory Hierarchy 

(Simplified)

CPU (1..n)

Registers

Cache

L1$

I$

D$
Store 
buffer

L2$

L3$

Memory

DRAM

On other 
nodes

UMA

NUMA

Flash

Disk

Flash

HDD

Flash

ZIP

ΧNetwork


