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and the Turing Tax
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These lecture notes are partly based on the course text, Hennessy and
Patterson’s Computer Architecture, a quantitative approach (61 ed), and on
the lecture slides of David Patterson’s Berkeley course (CS252)

Course materials online on
https://scientia.doc.ic.ac.uk/2526/modules/60001/materials and
https://www.doc.ic.ac.uk/~phijk/AdvancedCompArchitecture/aca20/
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| 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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DORAWING NUMBER PX-/-82 PANEL DIAGRAM OF THE £ELECTRON

= ENIAC “setting up the machine”
: W

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

— Parallel - with multiple units workmg at the same time
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Gloria Gorden and Ester Gerston: programmers on ENIAC
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fortune.com/2014/09/18/walter-isaacson-the-women-of-eniac

Marlyn Wescoff (center), and Ruth Lichterman program ENIAC
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Jean Jennings (left),
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LECTURE 45 26 AUGUST 1946

A PARALLEL CHANNEL CGUPUTING :iACHINE

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

eee  Again I wish to reiterzate the peoint that all the arguments
for parallel operation are only valid provided one applies them to
the steps which the built 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

: “setting up the machine”

. ——

ENIAC

— Plug the units together to build a machine that fetches %
instructions from memory - and executes them 3

— 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

- 1 YN ~ B — o



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 At,

then WL 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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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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Exa m ple: H '264 Vldeo I 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 lTJIuT
Intel (720x480 SD) 30 122 742 [ UW]MM - S
Intel (1280x720 HD) 11 122 2023 SRAM EC Engine
ASIC 30 8 4 IME Engine |— jFME Engine |——{ IP Engine Total Coeff. SRAM
e s A . P DB Engine
* Intel’s highly optimized, 2.8GHz Pentium 4 rp———— T T woumameswmn| | ;‘r‘e.,J owsocsmt
implementation of a 480p H.264 encoder versus | Uboor Rot, & MV SRAM [ Upper B OP & fira 3MB Local
a 720p HD ASIC Lol External Memory
) Local Bus Interface (Ref. Frames)
* The second row presents Intel’s SD data scaled I o ] ks,

to HD H.264. -~ 1stStage ----sfs--} 2nd Stage ----sfs---- 3rd Stage ----»f+---- 4th Stage ----»|

L]
ASIC numbers have been scaled from 180nm to Fig. 2. Block diagrarljof the proposed H.264/AV C encoding system. Five major tasks, including IME, FME, IP, EC, and DB, are partitioned from the sequential
90nm (Hameed etal ISCA 2010) encoding procedure arid processed MB by MB ih a pipelined structure.

Encoding Parameters Cur. Luma MB Pels MC Luma MB Pels
Ref. & MV Info.  Cur. Luma MB Pels Encoding Parameters  Search Area Pels (from Main Control and IME) (from IME) (to IP)
(Update by IP) (from System Bus) (from Main Control) (from Local Bus)
Cur. MC
v c FME“ Luma MB Luma MB Router [*] L"ms‘hn:'ani:: ﬁ:; Ms
Upper Ref. & IME On-Chip |« Luma Ref. Pels SRAMs ontroller SRAM SRAM (Shared wi )
MV SRAM Controller Padding 2 LY I
i 02 h
T b
2-D Interpolation Engine |
Houtec ¥ T T 20— 72—
RefMV Cur. MB Reg. Ref. Pels Reg. Array 4x4-Block 4x4-Block 4x4-Block
Buffer | PU #0 PU #1 > PU #2
[ l = C 2 C 2 2
%=
l l l I 1 4x4-Block 4x4-Block 4x4-Block
— — PU #3 PU #4 PU #5
MV Cost PE-Array || PE-Array PE-Array £2 £3 £2
. -
Gen. | » | SADTree | 0 | SAD Tree sun SAD Tree 4x4-Block 4x4-Block 4x4-Block
. #0 . # #7 PU #6 pu#r || puss
41 SADsl 41 SADsl 41 SADsl Rel; Coat
en. =J
I 41-Parallel Eight-Input Comparator Tree Array I 4 Ret. Costs T 9x4 Candidate Costs
Mode Cost B o = Best Inter Mode
41 Mvsl Gen. H Rate-Distortion Optimized Mode Decision H Information Buffer ‘
[ Integer MV Buffer (41 MVs per Ref. Frame) |4} MVs per Ref. Frame
(to FME) Inter Mode Decision Results
(to IP)
Fig. 5. Block diagram of the low-bandwidth parallel IME engine. It mainly comprises eight PE-Array SAD Tree, and eight horizontally adjficent candidates are
processed in parallel. Fig. 11. Block diagranlof the FME enginc. There arc ninc 4 x 4-block PUs to process nine candidates around the refinement center. One 2-D Interpolation Engine
Preparing for is shared by nine 4 x 4¥lock PUs to achieve DR and local bandwidth reduction.
. Row of Four Cur. ME Pels &
. Pixels of M Search Points , e Next M Col. Four Interpolated R, Pels
. 16 pixels ,. M-lpixels  _ Mpixels - § )
z 1 - Tung-Chien Chen, Shao-Yi Chien, Yu-
Z| | Rel PelReg. Array | Pel| ---- Wen Huang, Chen-Han Tsai, Ching-Yeh
© - i Chen, To-Wei Chen, and Liang-Gee
i _ Chen. 2006. Analysis and architecture
16 pels Thesa Confgulton |= design of an HDTV720p 30 frames/s
‘\/\ m: shin H.264/AVC encoder. IEEE Trans. Cir. and
Sys. for Video Technol. 16, 6 (September
PE Array Laft Shift
SAD Tree MBis 2006), 673-688.
! shi DOl:https://doi.org/10.1109/TCSVT.2006.
I §e Voue. 873163
418ADs 41 SADs 41 SADs 2-D Hadamard Transform Unit
Fig. 6. M-parallel PE-array SAD Tree architecture. The inter-candidate DR can be achieved in both horizontal and vertical directions with Ref. Pels Reg. Array, Fig.12. Block diagram of 4 x 4-black PU.The 2-D Hadamard Transform Unit
and the on-chip SRAM bandwidih is reduced. is fully pipelined with Residue Generators.
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 H.264 |s dominated by five stages
g:; “:g_: g Bitst;eam
* Applied to a stream of macroblocks: | & . .
IME | cur.Lumam |FME|  myvino, | P | Residue ; EC
(i) IME: Integer Motion Estimation L M tuma e - iira Flog
. . . . N ) e Regd/Write to Data prgduced in prev. Delayed main memory
(1) FME: Fractional Motion Estimation e memory ppe stage e
(a)
(111) IP: Intra Prediction meo [T JEME] ® [ £C |
(1v) DCT/Quant: Transform and Quantization and :Z; M “E;I T: ]I =)
(v) CABAC: Context Adaptive Binary Arithmetic Coding. e (= e =]
(b)
10000000 1000
1000000
100
100000
10000
1000 B
100
IME FME P CABAC Total IME FME P CABAC Total

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

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. oneration fusion and ending with “Magic” instructions

BMRISC B +SIMD+VLIW ®m +OpFus B +Magic BASIC

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 W|th early branch determination

Instruction Instr. Decode Execute :  Memory _erte
Fetch : Reg. Fetch i Addr.Calc ;: Access | Back

Next PC

Next SEQPC Next SEQ PC.

RS1

RS2

Imm

WB Data

Opcode

apo2a(]

* 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 is irrelevant for
most applications

Discuss!
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