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Advanced Computer Architecture
Chapter 1.4

The stored program concept
and the Turing Tax

October 2023
Paul H J Kelly

These lecture notes are partly based on the course text, Hennessy and
Patterson’s Computer Architecture, a quantitative approach (6™ ed), and on
the lecture slides of David Patterson’s Berkeley course (CS252)

Course materials online on
https://scientia.doc.ic.ac.uk/2223/modules/60001/materials and
https://www.doc.ic.ac.uk/~phijk/AdvancedCompArchitecture/aca2 0/




S B e, 2a VIR
) Presper Eckert (1919-1995)

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

27 tonnes, 150KW, 5000 cycles/sec
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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-5n5J4wQig

and https://www.researchgate.net/profile/Edward Davidson/publication/2985546 Introduction to The ENIAC/links/56ec23b808aefd0fclc7 266f/Introduction-to-The-ENIAC.pdf
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https://www.researchgate.net/profile/Edward_Davidson/publication/2985546_Introduction_to_The_ENIAC/links/56ec23b808aefd0fc1c7266f/Introduction-to-The-ENIAC.pdf
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ORAWING NUMBER PX-/-82 PANEL DIAGRAM OF THE ELECTRON

= ENIAC settmg up the machlne

= ENIAC was de5|gned to be set up manually by plugglng
= arithmetic units together (reconfigurable logic)
‘ — You could plug together quite complex configurations

— Parallel - with multiple units worklng at the same time
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Gloria Gorden and Ester Gerston: programmers on ENIAC
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Jean Jennings (left), Marlyn Wescoff (center

https://imgur.com/gallery/nh38c and http:


https://imgur.com/gallery/nh38c
http://fortune.com/2014/09/18/walter-isaacson-the-women-of-eniac/

LECTURE 45 26 AUGUST 1946

A PARALIEL CHANNEL CGUPUTING :iiCHINE

Lecture by
J. P, Eckert, Jr,
Electronic Control Company

eee  Again I wish to reiterzate the point that all the arguments
for parallel operation are only valid provided one applies them to
the steps which the bullt in or wired in programming of the machine
ni:-er.utcs* Any steps which are progra.med by the operator, who sets
up the machine, should be set up only in a serial fashion, It has

been shown over and over again that any departure from this procedure

results in a system which is much too complicated to use,

See also http://www.digital60.org/birth/themooreschool/lectures.html#l45



ORAWING NUMBER PX-/-82 PANEL DIAGRAM OF THE £ELECTRON

ENIAC: “setting up the machine”

= ———— s
HEREgI TN REENER RS
3 F¥y
't Poad ot Aee * 1 | Left  lemd Pragecd doc =2 A
i El I q‘q ’ :
£ " (4T ofa 3!

seLELELE

i

'The ”blg 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
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Manchester Small-Scale Experimental Machine (SSEM), nicknamed Baby
Rebuilt for the 60t 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

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

John von Neumann

http://en.wikipedia.org/wiki/John_von_Neumann

— Flexibility and ease of
programming

— Performance of

John Backus .
N\ parallelism

“Can Programming be
Liberated from the von
Neumann Style?” (1979)

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

How to beat the “Turing Tax”
N
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Alan Turing worked on a couple of projects in his career
One of them was defeating Nazi Germany in WW?2
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The “Turing Tax”.

Discussion exercise
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ON COMPUTABLE NUMBERS, WITH AN APPLICATION TO'
THE ENTSCHEIDUNGSPROBLEM

By A. M. TurixG.

"Received 28 May, 1936.— Read 12 November, 1936,
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6. The universal computing machine.

It is possible to invent a single machine which can be used to compute
any computable sequence. If this machine 1{ is supplied with a tape on
the beginning of which is written the S.D of some computing machine AL,

then W will compute the same sequence as Al. In this section I explain
in outline the behaviour of the machine. The next section is devoted to
giving the complete table for i,
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15-STATE UNIVERSAL TURING MACHINE
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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



https://sites.google.com/site/intelcsclab/Home/intel-4004

23

CM-ROM CM-RAMy CM-RAM, CM-RAM, CM-RAMj

(I R S % P EES BSETy S ESTETERESIES £
v oot | P -9y ¥ V| VY I P vy | VY| YNy VS RSy EYY VY
(o) [P ra ] el 8 Y e N Y ¥ Y Y
+ 4 ot ||l T AL | a0 e e e N RN e
k% I T e T T T T T T T ]
(7, Nl el eV e ENEN bl BN ENY ENENY BN BN | ED)
c ] BRI ES % % il TR e N eSS0 e e
© ol L e B Yy Ty VYRS VI
i HEENESEY B Sl | B R A A |
) ;ﬁ .._\ruvﬁuumfl |m§||mL,|f B O R s e e I R
o g2 35 IBR NGRS it i o anrY
o L {m Nl 4%%%%%%:\#% T e W b
Q GhE L = i el

ﬁw | T Mg !

i

T

4 0 | L

T A e RN i

a LomEcEE LA i

N T J T T iy {1

: ===apdl o Wil ¥ ke 1 et
R = Nl A ks
e el R b
- ﬂmw et Bm%ﬂﬁ

RESET

.

CM LOGIC & BUFFERS

;@J?

Circuit diagram for the first commercially-available rﬁiérob?ocessor, Intel’s 4004 (1971)

https://www.4004.com/

I 1‘1

o
v



https://www.4004.com/

s s ee D g Ullue ARARAARRRR®
:,__ . = LSt BT (SR mleh —.a - . = SR ] .:; L
JE{" ‘-l‘“’.l',.".!,.‘.! ".:.,"., ':,,“, .JII' =y I ¥ =5 |
.}E“:;C’ L painiln | g =it = l'"..."..”_ .|I PO A N
g iy e -] i T e ok s Ry SR I e
IS 9 S0 M ey g s T =it prasieseye || | if AFG THORCS BT = 1o >
B e o PR EET L S L e TR
L I_ l. . ' - .._ '1 E-_ iy ol | = = * e r p " = — — — -—
[ e e, T T LeTinr. = oSt :,-':'1‘ 3 gp o L
pram o o7 dR g B TR e onl (L T N IR S 0 O L DAL DL
==== A e TR b @I S, i e e T e TR e R ¢ L ¢
R ey 1 B8 Ll | . P ol = Rk et £ (g o e EP e e
- = MRl BRI [ e e A -
= hife |l oS i e e gl et N M S e e et iR == 2
==, "o = i LS R T R L gt OE LR et e
. b IR R SR A ekl ‘..' s - = == =
Tl IRTRT Eme 1 a1 4 st g T L R R LI AL
|l- -ll l" "l l-ll- e LR SRl G € U € Ut S O U TS p. A T ¥
—=zi k ool s S = =5 ” " il “ el .
E:‘ Leenas |I ; || || || |I e g L e T T — wlasates lac 2 7 g A
y tf o 3 1 ttll_-— ..... - - P -| --_-‘ - S| 32 8 - . o
=10 =5 f=H ot $ 1o D] | O e ol .=.'-|' R e mm
it e R S N Rl e BT B R R
b PO S L O B ETA ™5 5 I Y 7 B - = : ¥ 2 IHENENE
s g = a8 R iy et T i et ] T o
-] " i " = T e I vl 1 TP n, R el Ty & S g e
¥ ' EAREE M5, Seat I SumAY ! ;1 ' S teran e G iR R R
Lale Ui Lois ag/ta Y kw8 bl T et I A B e e e e
3 AR AR AR S A M S e i R R vl e . Vg YRS ado3 23 2% 2% 2
=5 =5 =5 =S - est i SR S e | T | PR PP R R
=0 =0 =0 =g L b e s e SN
il it SRR R -1 ' BB e e T e e
- H ; . . 7 P o 'Ai.l'u:‘».’l-.":u::L A : ;E - EE ‘:.
j i -y '. :.-—q.. i id r n _= :,- g - -
. I..‘ !‘_Ill- :|I ol gh: L: EE SRR S Rt
. . b [ 3 - m- me me -

1.4
.‘I
Ejar
a!
i |
.|
Wl
| (N
|'|l
M=
- |
" o
e
n
1!

-y SR
__‘|

e

|

— T Ll ™ P

e BEITSIL S S b3 f s =l Py

arl b ‘.-:—-I-_ - F ||||| e - L :_:' r-‘-__j i "‘ll'f v
7 =l : L'—“ gc :;Ill ="

Misy, o sE e

= '\ fnnan §sc = o | -‘ (V]
o BRI _

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



https://www.4004.com/

AHB 25
: - i
Exa m p I €. H * 2 64 Vi d €0 l Video Input ‘ ‘ RISC ] I AHB Master/Slave I ’ DRAM Controller System External
Memory
encoder Encoder Chip ' Main Controller |
Perf. Area Enrgy/frame | System Bus Interface |
(fps) (mmz) (mJ) Cur. Luma & Chroma MB Residue MB Bitstream
Intel (720x480 SD) 30 122 742 l S S | SRAM
Intel (1280x720 HD) 11 122 2023 SRAM EC Engine
ASIC 30 8 4 IME Engine | jFME Engine |——{ IP Engine Total Coeff. SRAM
;L. — . S DB Engine
* Intel’s highly optimized, 2.8GHz Pentium 4 P——— T T woumamsswau| | g.mw mr—
implementation of a 480p H.264 encoder versus | Uboor Ret, & MV SRAM [ Upper VB TP i 3MB Local
External Memory
d 720p HD ASIC. [ Local Bus Interface o (Ref. Frames)

* 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)

Fig. 2. Block diagra
encoding procedure aj

F,_

- 1st Stage -+

of the proposed H.264/.
processed MB by MB

- 2nd Stage + 3rd Stage + 4th Stage >1

C encoding system. Five major tasks, including IME, FME, IP, EC, and DB, are partitioned from the sequential
a pipelined structure.

Fig. 5. Block diagram of the low-bandwidth parallel IME engine. It mainly comprises eight PE-Array SAD Tree, and eight horizontally adjfcent candidates are

processed in parallel.
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Fig. 6. M-parallel PE-array SAD Tree architecture. The inter-candidate DR can be achieved in boih horizonial and vertical directions with Ref. Pels Reg. Array,

16 pixels

and the on-chip SRAM bandwidth is reduced.
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Fig. 12. Block diagram of 4 x 4-block PU. The 2-D Hadamard Transform Unit
is fully pipelined with Residue Generators.

Inter Mode Decision Results
(to IP)

of the FME cenginc. There arc nine 4 x 4-block PUs to process nine candidates around the refinement center. One 2-D Interpolation Engine
block PUs to achieve DR and local bandwidth i

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.
DOLl:https://doi.org/10.1109/TCSVT.2006.
873163
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 H.264 Is dominated by five stages
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Figure 2. Each set of bar graphs represents energy consumption
(nJ) at each stage of optimization for IME, FME, IP and CABAC
respectively. Each optimization builds on the ones in the previous
stage with the first bar in each set representing RISC energy
dissipation followed by generic optimizations such as SIMD and
VLIW. opberation fusion and ending with “Magic” instructions

EMRISC W +SIMD+VLIW ® +OpFus B+ Magic @EASIC

Figure 3. Each set of bar graphs represents speedup at each stage
of optimization. Each optimization builds on those of the
previous stage with the first bar in each set representing RISC
speedup, followed by generic optimizations such as SIMD and
VLIW, then operation fusion and finally “Magic” instructions

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
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* 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?



Turing tax: instructions

* |nstruction fetch
— Store instructions
— Fetch them
— Decode them
— Maintain PC
— Handle branches

— Predict branches
— Handle branch mis-predictions



Turing tax: data routing

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: register access

* Instructions use registers to pass values from
one operation to the next

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

* |n a special-purpose machine, we'd use a
piece of wire!



Turing tax: configurable ALU

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: avoidance?

What can we do to avoid the
Turing Tax?



Caches are “Turing Tax”

Discuss!

33



The Turing Tax iIs irrelevant for
most applications

Discuss!
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