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Advanced Computer Architecture

Chapter 1.4

The stored program concept

and the Turing Tax
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Co-inventor of, and chief engineer on, the ENIAC, arguably the first general-
purpose computer (first operational Feb 14th 1946)

27 tonnes, 150KW, 5000 cycles/sec

J Presper Eckert (1919-1995)
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J.G. Brainerd & T.K. Sharpless. "The ENIAC." pp 163-172 Electrical Engineering, Feb 1948.
See also Eckert himself, https://www.youtube.com/watch?v=G8R6li54R20 ,

a google talk by Brian L Stuart on how it actually worked, https://www.youtube.com/watch?v=c-5n5J4wOig 

and https://www.researchgate.net/profile/Edward_Davidson/publication/2985546_Introduction_to_The_ENIAC/links/56ec23b808aefd0fc1c7266f/Introduction-to-The-ENIAC.pdf

ENIAC was a parallel computer
Different parts of the machine 
could be doing different things 
at the same time
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https://www.youtube.com/watch?v=G8R6li54R20
https://www.youtube.com/watch?v=c-5n5J4wOig
https://www.researchgate.net/profile/Edward_Davidson/publication/2985546_Introduction_to_The_ENIAC/links/56ec23b808aefd0fc1c7266f/Introduction-to-The-ENIAC.pdf


ENIAC was designed to be set up manually by plugging 
arithmetic units together (reconfigurable logic)

– You could plug together quite complex configurations 
– Parallel - with multiple units working at the same time

ENIAC: “setting up the machine”

http://www.columbia.edu/acis/history/eniac.html
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Gloria Gorden and Ester Gerston: programmers on ENIAC 
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Jean Jennings (left), Marlyn Wescoff (center), and Ruth Lichterman program ENIAC
https://imgur.com/gallery/nh38c and http://fortune.com/2014/09/18/walter-isaacson-the-women-of-eniac/ 

https://imgur.com/gallery/nh38c
http://fortune.com/2014/09/18/walter-isaacson-the-women-of-eniac/
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•The “big idea”: stored-program mode -

– Plug the units together to build a machine that fetches 
instructions from memory - and executes them

– So any calculation could be set up completely 
automatically – just choose the right sequence of 
instructions

ENIAC: “setting up the machine”

http://www.columbia.edu/acis/history/eniac.html



Knuth, D. E. 1970. Von 
Neumann's First 
Computer Program. ACM 
Comput. Surv. 2, 4 (Dec. 
1970), 247-260. 

John von Neumann wrote his 
first “program” in 1945
It’s clear he had the stored 
program idea in mind
It was a couple of years before a 
machine to do it was actually 
built
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• This is the 
first  program 
to actually 
run!



Manchester Small-Scale Experimental Machine (SSEM), nicknamed Baby
Ran its first program on 21 June 1948 – the first program ever!



Manchester Small-Scale Experimental Machine (SSEM), nicknamed Baby
Rebuilt for the 60th anniversary, now in in the Museum of Science and Industry in 

Manchester



The “von Neumann 
bottleneck”

The price to pay:
– Stored-program mode 

was serial – one 
instruction at a time

• How can we have our 
cake - and eat it?

– Flexibility and ease of 
programming

– Performance of 
parallelism

John Backus
“Can Programming be 

Liberated from the von 
Neumann Style?” (1979)

www.post-gazette.com/pg/07080/771123-96.stm

John von Neumann
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http://en.wikipedia.org/wiki/John_von_Neumann

How to beat the “Turing Tax”

http://www.post-gazette.com/pg/07080/771123-96.stm




Alan Turing worked on a couple of projects in his career
One of them was defeating Nazi Germany in WW2

A complete and working replica of a bombe now at The National Museum 
of Computing on Bletchley Park, https://en.wikipedia.org/wiki/Alan_Turing

By German Luftwaffe during World War II - 
http://jproc.ca/crypto/enigma_keylist_3rotor_b.jpg, Public Domain, 
https://commons.wikimedia.org/w/index.php?curid=44261334

By Karsten Sperling, http://spiff.de/photo - Own work - 
Derivative of author/uploader&#039;s own work -This file 
was derived from:  EnigmaMachine.jpg, Public Domain, 
https://commons.wikimedia.org/w/index.php?curid=109561
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https://en.wikipedia.org/wiki/Alan_Turing


The “Turing Tax”

Discussion exercise

https://www.commondreams.org/sites/commondreams.org/files/imce-images/turing_mother_drawing.jpg
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E. F. Moore. 1952. A simplified universal Turing machine. In Proceedings of the 1952 ACM national meeting (Toronto) (ACM '52), J. W. Forrester and R. W. 
Hamming (Eds.). ACM, New York, NY, USA, 50-54. DOI=http://dx.doi.org/10.1145/800259.808993
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Turing tax

• Alan Turing realised we could use digital technology to 
implement any computable function

• He then proposed the idea of a “universal” computing 
device – a single device which, with the right program, 
can implement any computable function without 
further configuration

• The “Turing Tax” is a term for the overhead 
(performance, cost, or energy) of universality in this 
sense

• That is, the performance difference between a special-
purpose device and a general-purpose one

• One of the fundamental questions of computer 
architecture is to how to reduce the Turing Tax
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Block diagram for the first commercially-available microprocessor, Intel’s 4004 (1971)
https://sites.google.com/site/intelcsclab/Home/intel-4004
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https://sites.google.com/site/intelcsclab/Home/intel-4004


2300 transistors

Circuit diagram for the first commercially-available microprocessor, Intel’s 4004 (1971)
https://www.4004.com/
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https://www.4004.com/


Masks for Intel’s 4004 microprocessor https://www.4004.com/
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https://www.4004.com/


Tung-Chien Chen, Shao-Yi Chien, Yu-

Wen Huang, Chen-Han Tsai, Ching-Yeh 

Chen, To-Wei Chen, and Liang-Gee 

Chen. 2006. Analysis and architecture 

design of an HDTV720p 30 frames/s 

H.264/AVC encoder. IEEE Trans. Cir. and 

Sys. for Video Technol. 16, 6 (September 

2006), 673–688. 

DOI:https://doi.org/10.1109/TCSVT.2006.

873163 

Example: H.264 video 
encoder

• Intel’s highly optimized, 2.8GHz Pentium 4 
implementation of a 480p H.264 encoder versus 
a 720p HD ASIC. 

• The second row presents Intel’s SD data scaled 
to HD H.264. 

• ASIC numbers have been scaled from 180nm to 
90nm (Hameed et al ISCA 2010)
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• H.264 Is dominated by five stages

• Applied to a stream of macroblocks:

Rehan Hameed, Wajahat Qadeer, Megan Wachs, Omid Azizi, Alex Solomatnikov, Benjamin C. Lee, Stephen Richardson, Christos Kozyrakis, and 

Mark Horowitz. 2010. Understanding sources of inefficiency in general-purpose chips. In Proceedings of the 37th annual international symposium on 

Computer architecture (ISCA '10). Association for Computing Machinery, New York, NY, USA, 37–47. DOI:https://doi.org/10.1145/1815961.1815968
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Pipelined MIPS Datapath with early branch determination

•Where is the “Turing Tax” here?
•That is – which bits are overhead due to the general-purpose nature of the processor, in contrast 

to a special-purpose digital design?
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Turing tax: instructions

• Instruction fetch
– Store instructions

– Fetch them

– Decode them

– Maintain PC

– Handle branches

– Predict branches

– Handle branch mis-predictions
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• Forwarding is used to avoid stalls

• Forwarding is switched by multiplexors

• Which are determined by instruction decode

• We might not need all forwarding paths

• We might not need to switch them

• We might place the producer and consumer 
adjacently, so the wires can be shorter

Turing tax: data routing
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• Instructions use registers to pass values from 
one operation to the next

• Each time a register is used, we have to look 
the value up in the register file

• In a special-purpose machine, we’d use a 
piece of wire!

Turing tax: register access
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• In our MIPS pipeline, the ALU function is 
controlled by a signal derived from decoding the 
instruction

• The ALU is a multipurpose unit – that can add, 
subtract, multiply etc

• In a special-purpose design we would only have 
the units we need 

• and we’d have just the right number of each kind

Turing tax: configurable ALU

31



What can we do to avoid the 

Turing Tax?

Turing tax: avoidance?
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Caches are “Turing Tax” 

Discuss!
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The Turing Tax is irrelevant for 

most applications

Discuss!
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