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() Neuron-oriented cellular view
(“electrical” waves)

(b) Synapse-oriented molecular view
(“chemical” particles)

J8 4 59 S =2 (a) 7 AE A9 M) =
BHE2Aal Y, (b) AIEA 22X SA9 31&tE &
FHZ A .

M o]FolA ANIAE dgdlsia] Moz A43%) A ¥

T 2= £ 5 ik vk sk

oA Fel& Aoz s} A7) thilel Alg2o)

245 T BAEY 242 E £ ) HAe

BEAYE A7 d33 318k dges BE Azt

< HE o2 B AW} AAER B A AL

sith, #7138 AFE =M He E5A9 (action po-
tential)®] 3Hwave) & AFel= A Z HE Ao,
318t AFEEANY He JFAPAEER B YA

(particle) & ALete o= Bl dutyoz 3}

He w7el2 100070 Axe OE wig AjdAz 42

H 1 shue] ApY 2o e A Tle) AHALER S 1)

23 FAE ] BASIEE A HA FFolA ] mdye

Tl FEolre] 2y} vlwsla] 10° wie] vhel 2%}

£ xFete o Y3 Tdolu}l F X FEoA B

o 24 ol o 258 Rdlyshs Ao] & Br A

2] Yeg B} 2EHo s A9 ¢ Qv E3 7]

402 B o BExEL A ¥ vlaid] BExerl vn

AEslEo] glon o] 7hed] dxoizgol 4t}

A9 AKET 718 =] HEES ZAZ AFEY

g 2 HHO|E TN K] FRAE BFd) I 2

7 2% 48 Aelshd tew 2o

(1) “The Principle of Uncertainty”. 2] 2% -

22549 ert 488 5 295 AN &
5% & o % S A BPsd A% ni
e FAT B AE S o] BB ANE 3
£ 23 438 & ook, A5 Bl 2 0 H 5
At woke 287 oAb Aol o 288 4UL ol
o

A237

44 2005. 5. FEH33]) A5

(2) “The Principle of Inseparability”. >|ol|*2] &
HAele A4 ZAFEAE 2249 v 2e)st 293t
A FEEHS A o B A AEo] Wr
2o &I ol AREE FRY vzt AlgE
Q1 Eaof] &S o] o= 7]&9] FFH e
BT AR 9 5P A gizFel}

(3) “The Principle of Infinity”. ¥ AA|2 T3k
a4 T8-S 7RI olAe 7o) ApxA
o 9 g5 WS B AT dAhsY] A
&Y Aolrh, 2elm A AR U8l 7]vtsle]
dele] HZ(random access)©] 7Fs8it}. ol AlA|
2 39 7197x]7} 3 2 (infinite dimension)
= T3t i & 4 sl

(4) “Large Numbers Count”. Z-& 42| 22101
el 7, 10719 Ahgiz, 10'719) ABAGEA
TAHE FAE BAEe Aol A9 58y 758
olgfsetl F83ih, o] B Fo VB AREY =
ol BEzteln njEg FHo| olnjaje)E HAS
Fahe b F8% J98E & Aooh(14).

(5) “Matter Matters”. 17te] ¥& uALAZE H
=gol7t okt oAl Aot (wetware) 2 H
AZE 71A (soft machines)oln} 4| ejolr v}
¥+ 5l Qg 3lEtEQl A ZAGE sla st 13
o] A& wetis AMo] Hof HHAE EA4JS ol
3ln 2d8 sh=d FaslH15).

9] dES Fetd Ho A ol F g F¢ vl
ol Al Tt ARAR A9Sel BHsH) FRo=
A4 FozN T AR AR 543 B9 o
A Fa¥ AR Ay T LIHE Ao B £
et o] g Ao ek FRXE P S dogs
“2245242)"(hyperinteractionism) £+ “43%
-$59)”(interactionism) sje|t}glolel Fe712 e}
ol#g FE Az seitidel FHS Hrlsl) QlsiMe
ob4] o] 7Ix] N2 FEAE) 2da) AFEE HAs)
o JAAIEE AP B Aol Basitt ke Ao
Al olelgh Alze] shtzA] Exl AFE 71dkgk Hofl
A dofve 24385914 (hyperinteractionistic)
Hlo) 0 2)5-& RAr] A3 WS AAlE

3. BEl: EXAFE I LicHI0|2X|S
| zZdg

& Aol Al SAske Helxie] A1%5-& DNAS
i EARE] sl FEA e & 719sta o



25 AHES T o] oA He AsEE EAAFEH
E 4 gk 3 71l AN vol e AE
A& gl ARESld AFEE THEE e AlEe 23d
8 glejgity, =84} #4A1R] Richard Feynman<
olu] 195939 1 FH3 “There's Plenty of Room
at the Bottom oA &2} FFlM 9 XA
7Fsd S AR Uerles dSstsnt. 19829
Charles Benett< DNAZ FH71A9] W22 go|=
2 Hol ZAFHE FA3H e /MES AABRTH16).
Michael Conrad+ 19859 Communications of
the ACMPY| &EH =& "On Design Principles for
a Molecular Computer 9|4 #x159 AE4-E4
il 7193k B21214] (molecular recognition) < ©]
&3l EAEFHE e 5 de dEE AXlEgn
(17). 199294 IEEE Computer X9 ¥AAFE &
HzoME o|& Ads] T A7 7 g =
Sol Avi=El 3z UrH18). 2y Arlell AHE &L 7]
EEo] Tl 7|Nkela glom dlde 1 FEAsL
o Zo] ofe]g] AAHR ALt FaH oz &8-37of
€ oEE Aol U A wEujgke] el
Nad Seeman< 1980th¥E] DNA 75 AME-3<d
B35 71818kA]] F2E vtes AIEE st o
19923 Nature =204 DNA 7192 o 7l Bof
Z3Y aopd THE DNA CubeE 2H Sl B2 Algh
59 BAE BSTH19). olAg 719t A Yol| =r]of
USC9} Leon Adleman 19941 Science Al &&
3t =FoA TmA FEEAZR FAE AlFTNA
DNA EAE 0|83t & F o= A2 o2 HoF
o](20) AAE] BAAFHE AlNE GAHa™ 5).

Hamiltonian Path Problem

koo

>

onsider a map of cities connected by cerwin nonstep
figghts {op right), For instance, in the example showay here,

itis possitite to travel directly from Boston to Detroit but not vice
versa. The gaal is to determine whether a path exists that will
cammence 3t the start Gity {Atlantal, finish at the end city {De-
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CHITAGO - DETROIT ATETCEGR
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— Ligation l S
_ Restriction PIIEII44444
~ Mutation (PCR) 1 s
A D9 049944004
— Gel electrophoresis
— Affinity separation (beads) [ =T 0 Heat
— Capillary electrophoresis T T o T
R ETTITITEN R E NN,
. § Cool
— Polymerase chain reaction (PCR)REpea TP TII T T
— Rolling circle amplification (RCA) =bbllbbblbl bl Lyl
8 Polymer
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Why Molecular Computers?

+  6.022 x 10?* molecules / mole
¢ Massively Parallel Search
— Desktop: 10° operations / sec
~ Supercomputer: 10'? operations / sec
— 1 mmol of DNA: 10% reactions
+ Favorable Energetics: Gibbs Free Energy

AG =~ ~8keal mol!

— 1Jfor 2x 10" operations
» Storage Capacity: 1 bit per cubic nanometer
¢ The Fastest Supercomputer vs. DNA computer
— 105 op/sec vs. 10! op/sec
— 10° 0p/T vs. 10* op/T (in ligation step)
— 1bit per 10'2 nm? vs. 1 bit per 1 nm?

(video tape vs. molecules)
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' Molecular Computers Silicon Computers
Procesging | Ballistic Hardwired
Medumt | Liquid (wet) or Gaseous (dry) | Solid (dry)
Communication | 3D collision 2D switching
Configuration: | Amorphous (asynchronous) | Fixed (synchronous)
Pavallelim Massively parallel Sequential
Speed - - |Fast (millisec) Ultra-fast (nanosec)
Reliabilsty Low High
Density Ultrahigh Very high

Deterministic

Reproducibility | Probabilistic
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Figure 1: Population of genetic programs in two
different representations: {a) set of decision lists,
(b) library of DNA molecules corresponding to (a).
The DNA code shown are illustration-purposes only
and this design does not fully reflect the biochemical
properties of the sequences.
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Large Numbers Count

* 3 x10° DNA bases in the human genome

*  3.5x 10° years since first living cells

*  4.5x 10° years since origin of Earth

¢ 1.5 x 101° years since origin of universe (Big Bang)

o 10" peurons in the human brain
«10" synapses/brain”
10 cells in the human body

*  3x 10?2 DNA bases in the human body
or 10 copies of 3 x 10° bases

o ¢ x 16%% molecules/mole or
> 10 molecules/manomole”
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Figure 2: Hlustration of the decision-making proce-
dure asing the population of DNA-ancoded genetie
programs: {(a) Library of decision lists, () guery
sample (in maltiple copies). (¢} deecision lists hy-
bridized with guery samples.(d) schematic for illus-
trating the whole decision procedure.
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A Fig. 1. The computational
problem. {A) 20-variable
3-CNF Boolean formula .
The symbol "~ indicates

“not.” (B) The unique truth
or Xz} and (X or ~xg Or ~Xs) 8nd (Xsg OF ~X4 Of Xg) &nd (xg Or assignrrSev)'\t saﬁsfyiﬂg @P.

B =(~X3 OF ~X1g OF X1} and (X5 OF X1z OF ~Xg} and (~Xi3 Or ~Xz

iz OF ~Xg) 8nd (~%1 O X OF ~X11) @nd (X43 OF ~Xz Or ~Xi9) and

e 4, T compite a0 it oo o
‘M s bon 31 o leng, 15 em A 3
(X5 OF %47 OF Xp) @nd (X135 OF Xy Or ~X17) @nd {~Xg Or ~Xg O ~X12) sk e T
o ‘ m . ,ﬂ [k | Foowiviart
and (Xe OF X11 OF Xa) @nd (~X1s OF ~X17 OF X7} and (~Xs Of X19 OF soukckunes by s gl i = et
mx;ubwfuatlv:amwtm 3 £ 1 l oy i
Vorer horn o b ST
s - hasmbes
X13) and (~Xiz Of ~Xg OF X5} and (12 OF X1 OF X14} and {Xsg OF Xz t%wwm;:m“ ﬂ = 3 - ﬁ
Or X2) &1 (X0 OF ~X7 OF ~Xa) and (~Xs OF Xg OF ~X42) and (X1a £ :;".:: ”“m .m"‘;
o moﬁt 3 100-u1 alause schs- il o
Sopn oot ctan 1140 11
OF ~Xag OF X3} 8nd {~Xip OF ~Xyg OF ~X1g} 81 (X1 OF ~Xsy OF o e hd 1
e (f .wmv& M(Ia&m ot Closher  Cox Chanots
the prde mm x’, [ S————-}
~%14) @nd (Xs OF ~X7 OF ~X15) and (~Xa OF X16 OF ~X10) sl promd e
mm,\. wmww*( gt 003, probes it seqhrtss I, 7y and X1
= At o
. 32 ent o U e, Ty
nx“ kwm‘:dit‘:ﬂ!ﬁ:’mm e hNUHAhAah 1 100 ) s weed (28], The
xy=F, X3=T, x3=F, x4=F, x5=F, xs=F, x7=T, x5=T., Xg=F, %10=T, o) e e dostind for e Bt :mnee o pogisd i Su;v(yxr)umﬁe 8
the xold chamber o $4C. Electrapharesis was poefarmod ot 12 Vi Novmm WG}!
442 T, 22T, X9372F, X14=F, X16=T, X16=T, X9=T, X5=2F, 9=F, Wi e o peossdad 2 miears o anoniterlng progress and of detecuing pussiie loabs ot e
theaugh the mediles 30 inte the cakl bubfer, appeasimately 4 hours
Xog=F

[Braich et al., Science 2002]
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FiGtRe 7. Wang tiles and algorithic assembly, {a) Wang tles.
The upper left shows 16 wang tilcs that fit together i the niosaic
below according to the tule that cach ¢dge is flanked by the same
color {nuxdified from ref 40). The refationship between Wang tiles
and a branched junction with a variety of sticky ends is ilfustrated
at the upper center and right. (b) A four-bit XOR self-assembly.
At the top of the panel 15 3 TX tiles with its reporter strand
emphasized in red. Below this are schematics of the inpus tiles
{bluc), initintor tiles (green), and gating tiles (ved). The four possible
npnts to the XOR gate correspond to sticky ends on the bottom
domains of the red tiles. The schematic tiles are shown o self-
assemble to produce the output amangement of red tiles in the
schematic below this. At the botiom. the answer is extracted by
ligation of the reposter swrands, which are later subjected to partial
restriction.
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() e )
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end end

* Negativedisgnosiy Posilive dingnosly/
Release drug suppressar Releasadrug.

PPAP2B| & GSTP1| & PIM1t & HEPSINt 9> Administer GTTGGTATTGCACAT

[Benenson et al., Nature 2001 & Nature, 2004]
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“Connectionist”

=y(Molecules) “Interactionist”
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True neural computing
Bio-electric
computers
1e6-1e7 x lower power NN
for lifetime batteries £ Quantum computer,
Smart lab-on-c

plastic/printed ICs,
if-assembly

Full motion
mobile
video/office

Vertical/3D
CMOS, Micro-
wireless nets,
Metal gates, \ tegrated optics
Hi-k/metal
oxides, Lo-k

Wearable communications,
wireless remote medicine,
‘hardware over internet” !
Pervasive voice

recognition, “smart”

transportation

Now ™ 32 B s T8 o A2
Source: Motorola, Inc, 2000
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