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1944), p. 23.
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Charles Darwin, On the Origin of Species (John Murray; 2nd
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Physics and Mathematics (Springer, 2016).

2R, NRER——EW IR GG 1Y) —— R REMOX LE G, S A LUAE
% . HARPHRIEBLRIALZFE, IR MTEME BEGHIRR T REY
i, X R ARTE I AE TR o PO BRI L, SR B BE TOKELAE
IR PR NIAR 5 SR, AR KRBT BIBRATT I A2 2R b K2 EONARRIE, A
B SO K 2 £ R AE6500 5 ATy 14 RSP TR X, BRI 22
—l. ACTIFERE T EWRSE, SRR EE A LA E . SR, H19584FE L
K, WRWABGOARE.  IEEA HBUT AL R FEREL T, KEWMEITS
WA —— M Bk bR B K4S, AU 7 HERAHAMAT R, ALKz B K%
H, (H2HOLZBISEERIETE . AN RADRER T )@ AT AR, B4 X FE
I G e AN r eI o SRTT, AR KB 2 28 AR 1 IX R LA

AT BRHAERNS, RGBSR — a8 7ok
o MIAL R A FIIRK, MR AIA810054F, FrelJLFFr A R 4G i) £F
NSO . (BAE19405, (O SCIY), PRI IRk b Sl
B, A HEk ERAAT1000ME80 . g Aiar, AT S &R T A S A
R ERIREIL . —BA4IC 2N ZRERNATAE, AratdEd Ry
JEA— BT SR AT 2

A APOER 2 XA, T H SR 2 REIEAIER YT, RGBS
Bz, AREERE AR ML T SRS I AR £ R AR e i & X T 3T
KT, AR KEA RN B . e T ek A Yl i Fothst 4y, SR4E
£ A BB feE BN RE A AL (XA A S HEnR) « BERAH
WIEMYEF EARLL, MBRAAIUERMCENT M. & NRIFRE, XSt
YIAESG I B A A7 Z DR TS SRR T P . G, SRS o AR i B EUE A
F, AERE A A AR SR K G L, I N A dR I 1 B8 I fE

11



. XM NS B (Desulforudis audaxviator) WYHE ALY T FFHEE
S A =B = AL . A A EEAERRNK, BRI A i, S
K B N SR R EN RS, TR .

FEE L8000 K Ak /2 B AR £ - By Yoy TR A% Doy, s R HDOE R B
KA. WIRPT R Z AL, REgE R MEf, WEEMNAWLER. KA
5. BV i, AR EMAE R L RICT, B SR ]
X BAFAEA W 2 ] S A EESE . T CANH AR Al /s RS K, (BRI EE R X L
FIATN, XA A ERR ] B TR i e 2B S

B[ X5 -R S yb B R O M A T K B R T, BT CANASAZE S LR T — NP AR
vh, TR KR IEAACHEE . ST Ed, BRI R A NG . ]
ERULE CIEE SRR, A R4, AR RIS N . 7R #R H b
oA REUnE -SRI R WA REAE, BNE —KE, BEATER P
By, WAE MR, R RTLE « i8R BT AR . X /N SR b2
HH AR R, SR im WKz R kR . FHL b, AN e, KR
BIERAEY . e REFIARI KA, WII4ERE L. RERRAFRPRERAE
WA FR NP (A FREE (Chroococcidiopsis) , EATTHIBE & RIEARAZGEST, 2
FHEEDCAEER, KON ES R ZIH G Re 88 25 AT A A JE Fr o H ] 598
TEAE: BT AR SREK R 2 BT8R S b iBE (R A% Co 5 R 25 UKV IR R 100
ToKim, HEIERRE — R K. RS SRAETS, M B SR R I 28 28 i 25 T 1L
fko IR KK FIENERIE T, HIXE K FASTERGET, Mk, thaeH
W AR R o ARG AR ST H T N STA5E 1R B2 1 2 R 52 ) s 6 i e DAE
XX IR HAEAN 7o SRR ZBIS EB A EIE, ErT DONIX A
AR IKs, HREERERN, FAh—BR 75 E, MERKHEAE, Hif O
ket

S TR ABL Y E BkE P ARm BOB 1, SRUZEI RN HE LRI BE 7T, T RATE
WHE SR AL . IRATERE, — e H ARG A=Yt BE g 3d AR 9874 Bl T
RIS, B WG N R 5h 7 A< SR Vo A A BT, BB & I a2 LR 1 N\ 58 B IR ) 5 R 24
B o XU R AR AR S A P 3 N AR R A AR (BRATAT AR e SiRR 0y “ g
WY ) HIRDL, BUE 7 BRATKIRA RS, Bl A dr R IR A BRI |
JE IRRVESE 26 AF R AAF . B, Edr BRI RIee 71, BLAE TR BLEIEF i
PIEL RIS S B4R, A DL R — RAIE A K AT BE RE R ORIR . X LB AR,
—HAEMGPE, ERT R MR IR R AN R RE, AR RN AL
FEREL AR, NKEABATHINL & T I VF S EIEBEA R R, ERMR R, 559
O Ak () HAR A A SV AR MR LI G, B e 8 R RE UK SR 1
BEAR Ay CeAE T T B, B v RE R T R B AL

12



THE A A K

BHEAURA —R) A5 WEREAN R ESA A, AN ZgewillE&EE (2
AU REXTEAERD o HIAIGeTHEA A, BEENE “WEERERE” 5?2 X7 e—
G, (HEr SR T EE E — e M E M. 19974F, SEEFNERYN T RAL
BEFEEAESIRMBSRSE 2 KHTE . R el “ETRN7,
Bt ER RN EE. w2 « BELT16554 K 7 LN, ZRERIER
—HEXEFAAD, EAMGEFRAERRD, RRAEHsEER. FRIUEIH
S B, mE N4 4, —HENKRM . Re SR H — R g )
HiFRA “HEEH” K/NRE, EEd L TETANEE, X835 ENEm.
CETEW MIRER BN TN EEWEERYDHER SO, (X BRI RS L
PR GER B, A A W2 K VKR ) e 1 TN EAER %W, FIREAFT
180%% IR

REEY)ZF WX R 0G e 5 MRS A ADIRNER. AR C2mmiE, £
NHRAZ—REEENAWEE, ENEER AT R, BTk
7 WUBIAVE R AR, 22K EATRA A mAE. G SEM N, Khha
SR A AT e HIBGES FeARE K, (R 2 BRI A A 5 R AN IR i
AT R, BIAE - PN EERAEM Ay, eV A G ks UM, b L,
ERL T — N RN E, CAEBILEFERTEN “ZH)” HERIEN
e VS EAS LR, £ ENHUE BRI KR A S, e RATE
“Hrrefta” X RO MR SCEDE, AR BN A a0 A ot
Kt EOgE 7B ARBEGMBOIFIA A i —— 7 A, A L TNEE
PREE Amin TIXE” W& RS Zmle? BATH LLANIHE R+ PN a et
FRERE FAH S 3RIE2  7? JATTECAAT DL IR AE BRI 2= /2 T Y “ 3
A 2RI ?

YA — L, FATA W REEIE R AmiHEN, WL BNHFEmA LT T
IR, JFea i — M EES? R, BEEREARR SR 7 — T e
I ERR,  “AEHE A ER R B, BN IhE S IR oy 2
87.3%” » B “ LT NHSER 1 MAT U CEE 2R B ] FL90 A0 X B K R RE Y
4% o

BRI T 2 (KAt A e ?
Richard Dawkins, Climbing Mount Improbable (Norton, 1996).
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biotic matter’ , in: E. Domingo and P. Schuster (eds.), Quasispecies:
From Theory to Experimental Systems. Current Topics in Microbiology and
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and Z. Merali (eds.), Wandering Towards a Goal: How Can Mindless
Mathematical Laws Give Rise to Aims and Intention? (Springer, 2018), pp.
17 - 217.
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There remain some subtleties in this matter. It has been argued that
there may be ways to circumvent Landauer’ s limit in special
situations.See 0. J. E. Maroney, ‘Generalizing Landauer’ s principle’ ,
Physical Review, E 79, 031105 (2009). In some cases, logical
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Lu, Mandal and Jarzynski, ‘Engineering Maxwell’ s demon’ .
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Douglas Adams, The Hitchhiker’ s Guide to the Galaxy (Del Ray,
1995).
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Katharine Sanderson, ‘A demon of a device’ , Nature, 31 January
2007;doi: 10.1038/news070129-10.
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Quoted in Stephen Battersby, ‘Summon a “demon” to turn
information into energy’ , New Scientist Daily News, 15 November 2010.
More recently, a Korean research group managed to convert information
into work with an astonishing 98.5 per cent efficiency. See Lisa Zyga,

‘Information engine operates with nearly perfect efficiency’ ,
Phys. Org. com, 19 January 2018.
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J. V. Koski et al., ‘On—chip Maxwell’ s demon as an information
powered refrigerator’ , Physical Review Letters, 115, 260602 (2015).
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Christoph Adami, as quoted in ‘The Information Theory of Life’ , by
Kevin Hartnett, Quanta (19 November, 2015).
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Kazuhiko Kinosita, Ryohei Yasuda and Hiroyuki Noji, ‘FlATPase: a

highly effcient rotary ATP machine’ , Essays in Biochemistry, vol. 35,
3 -18 (2000).
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https://www. youtube. com/watch?v=yuuk4Pr2i8.
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See account in, for example, Peter Hoffman Life’ s Ratchet (Basic
Books, 2012), pp. 159 - 62.
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For Feynman’ s own account, see Lecture 46 of his Caltech series:
http://www. feynmanlectures. caltech. edu.
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Some people express puzzlement that a system as complicated as a
human being could be the product of a mere 20,000 genes. Is there enough
information in 20, 000 genes? No, there isn’ t. But given that a gene can
be in one of two states, there are in theory 220, 000 (about 106, 000)
possible combinations of gene expression, which is vastly greater than
all the bits of information in the universe (a paltry 10123), let alone
in a human being. Viewed this way, there is now an overabundance of
available bits to go round.

B2, R AHA KRLI300/N K1, o] 175 HA4000F0 & 1 B =
A, ROESwR T HEYMTige, (HHANA 2 N 5o 1 HoAh T2 5% DR 30 T s 0 1Y
A, MEAYENT, FFEREFHETTIBGEIR 23R, 80 s e R 1
[ s P At L R . X SRR FR v ASE B 2 A 2 BERO TR, © (SN,
NFERAG 1400521, FF AT RAT20000 £ K. ®)

“\ﬁ
HFE6
2 B G frT AT B
L A i i i e
Rl H A& e e, g &2 iETie, Xenes Bt
B RZ I EA . PLEEIEFETES “AND”  (5) BIZIEeAfl. KA 2TFRX

MY EEWENE T, TFRZATIF. A T IEIX — A, S S8 N X
B e W ESEEX WMz B3R XBETF 7. TR, XaTRghE

73



BIEEEYR R BT B, YA k. BUE, WRE R A CREFD 55, KY
WHEBONE MY, S R AT A XRY . anAGae A 5 =R N7,
' CEMEEA! D POt R A BXAYEAAAE I E 2R 31 LN A BeF T, XA
LA AT ATE = “AND” R, Hpl 2 HT S0 A AT “OR” (B R
B AXERYHRE WO ESES I I E RIZH B a7 B, 2 goias . XM
PR AL PP ANCR ARSI, ENIRLREE AL 22 B, SATIRE B NE S5
RANE B AL BRAE S5 o H TS IR 5 A B it 7 1 52 38 Al A i DR~ U0 1 10 Bl R X1 7
ERE AR, BAEREAEMIER T SRR T A2 S5 JE AL A 1 X
2%, 1y HLANA SO ART T e . IX L8Rl B AEs et 12 iR 5 4 AR 4 B AR
o

Alon, An Introduction to Systems Biology.
Alon, An Introduction to Systems Biology.

H &2 T H AL BRI R T REA S, IRBTFRES, PG
BB RS S B NSRRI B (EHE TR, (5 8iREIRE %R
AFRZ. £ ZNEBME T, FIRZ A IR T e fE S, s ke
EVIDIRER) RO o — BTSRRI B, RAERT SR O T R IR A AR 61T
HOO B R AR O /4. WIR AT “AND” B “OR” ]I D Re 5 ik ok
(ZHEFE6) , A I3RATREMVZERN AT G, i R —Fi e T ik,
AR ATHIEIR . © EIRFE R RARRES 5 W A 2 R 2 P A B BR R B, (H BE L o 6
RSB AEAAARRYF, XS SERYISR KL £ AR I RE O TR . thlt
ael, W EATAER FM RN, AR L S A B AR ARG A iy B 24 2R T 5 A ) Bl
—HAMER R R EYE . TRESEOUS SRR, BB A SRR, R4
JR AR R R Gy G N o Ty — R R @ . R B — N R/NE R LA
M, BE RN RR e FEN T, AIsiatis ffa a5, oz
5 A I KRR WA CRmBURZ I & ML 7 TR EA TR X — 5D o
@

REBRARET R T, (HEGMIDIRETT G MR 2 HABR 28 M 2% .t
an, BRI 2 RESE R AH I RE RSN, (5 T RN LR A L AR AH LA
LR E RS2 2% . IXEEANFE R R 28 T AR5 e dhor, 2 iitis, £
IR E AR BAE B Fes N I G R Z BN HLE] AT TR A i, 24
RN, BT R, B R TEERNA, B DA 2 AN E] Y
T AR A . R AR TR AR AR, (SR e RN IE I R b
Wi N AR ARAL, A EATRIAT N, SR AR E” R AT 2 AR E U
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IR R 2 BONAST AR — e e tafl CANSRA23XS) o fEAQL iR, DNAKL T 5% K40
WE, BEAEARYEE L, JFgit— D BN R PR BRI . R E
i VDR G st Geth B AE A A TR an el o A B AR 2 R 3R, Beda,
A0 M E AR S TR A AT A B AR A I 2 Bt (R B, et AR AL TR
R APRAS, DABTEE IO (BEs) o W R 5 B R FE DR Bl — 2 B[R] 2
IR A, St i € = R A, A5 BRI LA BE 8 50U 44 75 FODNA Jy
Bo Gttt 1 B A fE A2 2R W 48 B O IO R SE ia, DRIE,  BEAN SR B A
BN, HAPETTEEOE: B, EAREERA T R RS (CEEm,
A TITRIRED B LR Ge R DXt s B IR 2 A et RS, P R e sid A2
FERX AR, #AZ R S . FEXAEL T, R 2 el k2

AISERR S RIE, BT (AR D HI e aE——RmE a5
AR S AL . EEE, IRl RO B AR G i 454, Xk
HZai e — AL R B RR . FORAE T — & B R XA ] L

Benjamin H..Weinberg et al., f‘Large-scale design of robust genetic
circuits with multiple inputs and outputs for mammalian cells’ , Nature
Biotechnology, vol. 35, 453 -62 (2017).

Hideki Kobayashi et al., ’ Programmable cells: interfacing natural
and engineered gene networks’ , Proceedings of the National Academy of
Sciences, 8414 -19; doi: 10.1073/pnas. 0402940101 (2017).

There has been significant interest in encouraging education and
out—-reach as well: the International Genetically Engineered Machines
Competition allows undergraduate and high—school students to design
their own synthetic biological circuits.

EMOTVEAS T e G A H AN S 2R, AR BB AT e o T35 i B e K 44 1 B
HAIHE.
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PR . —FhIEEDNAVIBR AT AT /R ZARIZ A EOR (BLADE) , CLeffes itk
SRR IR T2 B R R T o OB TC N AT LUK AR 24 52 = 1) 1B 4 P B Ok
KATES, JFHBULE A U e IR R RIE . AR 2 At bl 52 208 i,
WHE Y, MRHIAEIAFAAED T BB RN TR FE B, X B
FENIEAT B AT RO AT SR NIRRT AN ARSI RIEEETA SE A
B T 20, SRR RN L ] TR A AT AR T I AE . 7 TEIE, SRR
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E éil
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P EARNARRRIR
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HTRE BB, VR AN S R B R AT BRI AL, LRI 7 L
REIT 2 3L 58 460 ey P Bl R B R A2 3 — S S HLIRAE . 7 B2k T e AN ik B
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17N €07 RBETE R B R, AR LRPy thonX FE AT SEHL
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BERRAL, EHEEREAME BARAE, JFARCRA 1T R RS . XL
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B R ) 2 2 i
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Apb IR 5 AN . BN C AR BIRREE, 47T LU A R
HFE 22070 ph e 58 OB (HAEVE A 30 IR LU N AT rh (i FE Al i, R
RREYD, WAl REERESY LA A BE e A
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Maria I..Davidich and Stefan Bornholdt, ‘Boolean network model pre-
dicts cell cycle sequence of fission yeast’ , PLoS ONE, 27 February
2008: https://doi.org/10. 1371/ journal. pone. 0001672.
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KM ILEILL, a0 (BRI RIR R RonFE A (Bl P b S 2k PR 4 5 1 2 1
i), ERAGRERE R K@i (BT RSLRL) |, SRR
— ARSI AR, BAEERR S R BENH T AN G
AR AR SR TT M AT RE 2 HE H AR R IR “2E7 B “AEY ) o HRENERAE, AL
FLEA ISRk, XK BB o R AR 2 OV RILRE H L A7 Sk
CPamt 7 ) B a7 O ek B O 2. RIERFRE FI 53R
R, SRR SR POE TR R T R, R RFFAAL.

R ] L X Z8 PERR AT ZR N 2%, DATRIR « AR Fin 44 o AT ZRAE19 T 4D
SIN TR, e IFFEN TERNE R E, US|
C“0” AT “17 ) IEFFII BB

IR W 2% I ER B i L E A — 0 — P A T A, Wikt 7 2R, T
At atFib; A MEREBERIE, RGN B RRIERE . AR DI
o MR VE R R ALy — KAV EIER TR, X DAL, 4%
A1) S5 L 5 T 2 O ) S0 ) R R R Y X 28 T TS RAR B 5, DR O B R B TR R 3 AL
WAL IR, AFERR AT PR . XAk R AR T, ROk
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gg fem A B C D E F G H ?;Eg
1 I 0 1 0 1 0 0 0 1 0 =)
2 0 1 1 0 1 0 0 0 1 0 G,
3 0 0 0 0 1 0 0 0 0 0 G/S
4 0 0 0 0 1 0 0 0 0 1 G
5 0 0 0 1 0 0 0 0 0 1 G
6 0 0 0 1 0 | 0 0 0 1 G/M
7 0 0 0 1 0 | 1 0 0 1 G/M
8 0 0 0 1 0 0 1 1 0 0 M
9 0 0 1 0 1 0 0 1 1 0 M
10 0 0 1 0 1 0 0 0 1 0 G,

AL LT RERREILIRRIA AL 07 R RAL T REPRE, “17 Row
T RAETIFEARES

MR B L R R bRId 77k, BATRBIR 2P N VIR A& AN, BN
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THHLAZ: 010100010, MFRIC AN “HEA5” B i B LR (fRERK B /MBS Rk
A4, b “ur, SRR, i D, JEHEITGE T . BRE, RE-DE-DH
IZATIZ M I HUIN AR Y, IE R D 45 SR S ST LU RO AT . R2JBOR TP
EORAS . “0” F“17 R aPRASSS N R B A EDIRAS, BP0 7E96 30 & 3
HA T RIERES . BN ERA — I FEHnid, X RMRER T A FEAE (L
w, MRERZSHW) . 1062 )5, MKREBIWIGIRE, SR a7 B5
KIEB T —AN

PRAT B ELHIAE — U, RS E B A TOT IR fiN ey 4k T
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Hr et :Ce i R LR T Bl , g AR I AR H . N SR HE R B e
bz Bl AN [R) SR O 20 B R S A S R g . AR AN BED, #E & AT
re. AR AT TRER ZHUNA A AL T ORGSR ZHUHEER AL T IT 5 R
&, AT BN DA TR IT RR

M RIL IR Ry B F IR M CFRER T o BE AT 4
hRIE, SRUERFA A A RS T A T 1A R e AR PRIk
— A TE

X B RABHIE, XA E B AERENL: EAE T ALY
R HLRRES . AT, WA RS R A IR R4 AIE, 38
ERE R, RE(E BT B A2 KIS TR, BN “E SR A A
7 PR R, RATRERE R AT 42 HE L, TR AV AR 1E
SRR, CARAEY I B TR L A0 R 1 W A

Hyunju Kim, Paul Davies and Sara Imari Walker, ‘New scaling
relation for information transfer in biological networks’ , Journal of
the Royal Society Interface 12 (113), 20150944 (2015); doi:

10. 1098/rsif. 2015. 0944.
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H R AL R B BRI P 28 A BT AN ? O 1 TR A I AL, FRAE A SR M 32K 24 1 [
HEHEAGESL « RO T TR TR, B8R 115 SAERERER M 2% T A
NGB TXWTEORIRA 5, EHIIAR. ARA T REHIIRAS 25688, PrUA st —
ANRTAE BRI AR R 3 (ILIRFTS) o MATTRI AT R, Bk el i 2% o
FEARGE NS BIRAEABENLN . AT RERR | g aity, XA fEE B2

N T IRITE NG AL B R .
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e~ Pt ar v, MARRE R T SARNE =P, JHEE S
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RHIEZRNG 2 AN ARRE, FRATHURT LA R Le s BAAA A2 mlArh . 3Rk, AITA]
VR 7 — AR, BB, JEHARM . Br 7 RIEAR P 5L, HUEBH Z AR RER
THEXA N — D2t AgRG? RERLFEN, XlEREqEELCs
MBAGEERIA T o JEH] “AL38005 7 (€ 3, B R SRS S ARt &, X e BF i 40
BRI 28 R B BT AT T R AT R AR RREX R S I 1000 AL R 2% (45 S,
feih NP E AT B MATRBIL R AAEEIR R E R, M52, BREEN
2 AL 35 N 45 S W LLREN LM S 2 . Oy 1t — 2D e S BOX R Z S R, BT
N GABEHE TANLT-BE A S 11 5 (BT B, Co DAIHD o XAy 4
Feokfath, dr o “EHNE” o EH AR N 2 o AR5 I PR IS 4R
B, PRl WOREART fh N T =R (EARRRHIIRMR AT R 1, 2R
R0 ERINEZI S TUAMIE. ERAR EERIEENMLZ, SERIERES: HAEY
FARUERYE, WU e ZE RN 70 2AE — DI 2 AN R IR DL N EAT . I AU
FRAEVIM N — AL, Ik, RETAH 2%, EMSRs)EEHE Al s
W= P RANIRED N B 5 S 78

IR FAE R IR DO AR P A5 B A IR T AR R, AR it B i
1o BIRAAE, HAh ST INE S, UE TN ENTEs, JTHZATE
17 A1 €07 (o RMRERIT B MG IXRERR L iR, b, 75 2 R
AR ThRE CELUmBBRARED s, M EcE = SR . A, Al
PRErF i — etk 4iig: Vs (5 B A A AR BT 3, BB HLIK 5= 2% 1
A REIRR S, (HA “BAE” SRR ar U598 EL I SO A e O R A TR &R
RIERE R A5 2,  WURBAT AR i1 F B TAE .

MBS HHIE TEE “AHECEam” M. EREEMLZ T, JKFEF
KRB, AL B AR AR ELOCHR I T it ofy, A 40%H SRR L BE 1%
EANZ IR A BEAEMEAE - . M5, 2947 35% AT s 0 A L] I AL A5
B, BMEEAEE “ded” GERD) @57 F R A MR, RGETH1E
BT RER RS BLE “fLaTe” Wigh, (EHSLAL. BTREEN, “%f
RUR G AR AIAH R B AE A AR rp 3R LA EEAE BEATL I 2% m B 153k

Richard Feynman and Ralph Leighton, Surely You’ re Joking, Mr.
Feynman! (Norton, 1985). See also https://www. youtube. com/ watch?
v=nmEoL5C7ths.

Gl 7, SR ) —A, THRKURE. BRONE R AR
BB - P02, IR TR OB 7 SRS LI MT 2SS G2
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ffr, XRBHEWEND « A0 MEZIERTEENE T, RARERTE
ERAES, AHNNREMARASEA L ICEDL. BRI, IR
s 7R, RERRIECEIEL 7. il B E L TeENLY 7 el
NS . L b, fRIEHE AR RE R G H 7 B A R 50A] W () e
WS HLEIPE REREE R T B R BB Hh 41, AR T RCE R e Y BRI SRe
BHAS KRB AR RN, 5 BNl ReSe il MhdiRma kA, XM
EHTTA M, AIEEYMNLE . R M FERNZS . BRI
2% R e 2RI ARE AR AE SRS, BOVENR e (5D alge A AR
IPENST o L PR BE TR 0 RS BB 7o, e BERRR FH I A2 fRT B P SR 772k 7
DN ER) , HIEHRZARMSEEBE R R R, BT &7 AR
5 B, BB — 52, EE B S LR AE ) f B 3 b 2 TR ANE
R 2 WK R B, WTEZSEHBR, AECERREAN N “AHz
Y, RS SRR A I FEA ML, XA AL . R M BLER, A A B
DEIER) “ATLL” A,

Uzi Harush and Baruch Barzel, ‘Dynamic patterns of information flow
in complex networks’ , Nature Communications (2017): doi: 10.1038/
s41467-017- 01916-3.
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AR E R RS SRR MBS T NS iR
fEALEMZE Y, 58 FEMEERXA (XA 2 ICER T,  E BRI ik
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27 RN A PRI, A0 AR S WO P ST T AR G IR A% ) £ B B S
K, BARKME BALFEEE J) A W o

WA AN ME—E BE T B SR I sh ), A N BB A RE S AR
RE. SREMMBEFN S R8Tl BN 2SS sG55 0 iz 2%, =T
XA G B RS, FELL i s A e s H TR 2R, it A=A 7 HHh
A AR EY) . WA S ARIN ST K2 B SR 72 FH BN IEAE SRR “ oA 57 BIME
&, HRE BN HT U (Temnothorax rugatulus) . XS EE AL &
FA /D T (DF300 0D FERGEE, IX RN RER GIBEEEA. ABATTHIT
FE AR B S B U fEBCRErR R sh, AR B s R S5 1A (R JE e 4 A7 g A%
. IXLEH ARSI = 2B AT R TI. WEAT N RO SRR AL TS AR
B CGERESTBHIR T, USSR , FHE SR 7o s s i S 44 vk 55 2 an el i
. Ui EEARAT BN, A DB T B a2 B B S e, 5] AT AR S e
FIX Sk, XATUARRON “ETEER” o X 4T3 R IR, R R /N i — % K ki
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B, B2 RIERAN L. (R ARG % 4 s )

FREEFE (scaling law) : HFREIEGEN], B—MEFCR, HTHRAREAN &=
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Aot B AR T A AU R A NERR R EPr B, e S A2
JrAOCHA R, EhER B R A W 2% 2 A2 T A AR 2 T8 R 45
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windows Advanced Options Menu
Please select an option:

Safe Mode with Networking
Safe Mode with Command Prompt

Enable Boot Logging

Enable VCA Mode

Last Known Good Configuration (your most recent settings that worked)
Directory Services Restore Mode (wWindows domain controllers only)

Debugging Mode

Start windows Normally
Reboot
Return to 0S Choices Menu

Use the up and down arrow keys to move the highlight to your choice.
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There are other cells too, called glial cells. They actually
outnumber neurons. Their role is still not completely clear.
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See, for example, ‘Ion channels as Maxwell demons’ , in:
Werner Loewen stein, The Touchstone of Life (Oxford University
Press, 1999).
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conscious ness to its physical substrate’ , Perspectives, vol. 17,
450 (2016).

Larissa Albantakis, ‘A tale of two animats: what does it take
to have goals?’ , FQXi prize essay (2016).

Masafumi Oizumi, Larissa Albantakis and Giulio Tononi, ‘From
the phenomenology to the mechanisms of consciousness: integrated
infor mation theory 3.0 , PLoS Computational Biology, vol. 10,
issue 5,e1003588 (May 2014).

ok Je S LR F et 7 —Rhorik, i e LT s o i O B B Rl
RERTI RIS REA 2 DEESEIEER, Rt E— M f g 8 A REHI
PR HLIRTE o R AR RN B 2 RO o i T R B KRS 2. DL A7 05
RIS E AR “ @7 Kox. RIELH I, PEKKRS
CEEInRmD AR X B oE/ RS (FLfERE:) i E N

163



W ROIZUEIIE, QRRE LT El, REXERAAAT. “—
RO S, W R ARG B 25 R oo s O R FE L BR 5 A I s 3l Ledn, &R Ge
FAAAERE M B R M B RN EAEN, EMRK. HURAGAY L
= I N N\ s 8 i o 0 B G PR - RETR ARG . PlERUN0. ERT
—REDLR, REMSNERE BT AR RS, (HESE EER S E
SEHE B RS EMETFRER ARG 2 — MR
B>, RO B R AER T, RNRARG R ELGT RS, 1HHED)
REAH Rl I ZERE AT B R S B8 R . R JERE SO/ N R R BN 7« Bl /R R 2
Wrigth, A4 (EWlE A RUMK A EES & oEFEA 7, “ AN
A, —DRARRE EVERSRAETEE MR RIR A, a4t
Y OEREABN” . CEiEH okllEER, HRARERTRESA
ZIRMIR: AL ARFINE RIEENER, AEERAGHNERAE
Wy PIATHREMIFRIAF &g, Arageh — P aEER, mH—MRARE

N ” @
o

ERXE, Rt e ARIERAELEE R 1, bR
M. BRA—AH204 M AHKNZE R, AoTLARE N PR ARE K
Ry« s b OB o JRATAE & A R N AR R R A4 A B O R
gORL, AR EEE R E L. AR S, BRSE EERE
A PURR A RN, WEAEHORIEZREE B H. HIERA]
MAFBILARE X iR ARSI ST HoR 2 P AT R 1
AR R HRAERN, BN PEN0. (EERBHPFEIRR: AU R
BRI DA s BRI, 38 AT JUAL R M O iz R i 2 i 5 17 ieisd, 25
Fo HTAEREAETR, BRAATNRESHERIZ . XK, F T
— MR R TR, en] DUEE BN R AN AR B RAREL. 1t
Gb, WERZFZ AT 7T Z NS CRERRBMZR) , REMHH T
—HHRE, PEMEERIRK. ARXMHIT, WIRZE G2 BRI H
fRE NI 0, OSTIESR BN R, EAZ 5, TR oEms
BEAG, DONEIFAZ TS RN .

AR B IRMERE SR Y, AT Gt 1 BLVE 2 5 AR R 2 1
A, JUHR FSEHIA A D e 52 4 F B iE S AR LS . B IRATIZH T
BHLHHATIR, ERZHAN AR AR AR KA B = A B 7 5L
KIHITRRE AL S S, B TAEERE S RAKAT A N ENL S A
. BATREAGE, KLU T AL EE S . KA ZATR
ZHATRER AR — SR ENL. A, ERE BB R - MMERE ER

164



Zul, ELEAR T FONE AR, IR BRERVEAE B, el
B R R SO

E HEI l% lu\ﬂ]'/ﬁ:jjiﬁi
PITCAEUE, 5 b SR o AN IR M Ak v 1256 P L

Titus Lucretius Carus, De rerum natura, Book II, line 216.
—— R - ATEE - REN ©

ANEKERE —AINAER BN, e A B, BRI R
AR SR AN THOT KT, ASKRES e B Cidris, JHRIEHC
RSB LRI . B HEWRE, WRIKAR, R ] DU LB AR E A
7w (EHEAERAZMH X %) o fiE 2, AKRAE AT AR
1B

—MELZHT, HHESPT SRR . K2 1 s,
JR B iz, RIEEy e, TR DUEN A R A1
ﬁm&m<%l%im&mmﬁﬁ>MEﬁ%m$% B S PLRIFE
R BNV EER J1. W52, R —ANIEE “FHOH” 6 /2 is3)
PR =R MG Es . X—MEE o AT, FEe e By - ﬁﬁ%%
s REIRIA “HTEm” . —PNReERESBIIMTFEHEASAEHE
B AR RRTE A HFH S RIPRES RN, AFHE M. W@mﬁ
MR R F AR S . R — NI RS, AL IHRTHEY)
PESCAE A L TR B =R M, RONIX TesE 2 FE i g it

XA RAEFNR . MEET/1ZHI T, EEENERAMEE.
AR T, BTEFRREREE, — N EER LSS R TR E
EEEIN ﬁﬁ&%iﬂl_ j<ﬁkr1131:£b 20483044, B IR ET 1133TF$&
TAEMEHES. A, Hodtdeaikfg, EEMEEHE iﬁﬂ]ﬁﬂ
AN H IR E %%Em ﬁM%£§$§uTu&%QEMﬁﬁ %u
PR IS T K . VERIREEIET “AE TE TS s
i, XFE—K, REEFIRE MR EILHEEE W, HEMRZE
B SRR AR P A2 o RO ERIRSE A R SR TN, RFER
L_L_b@%%ﬂﬁ7iiif%ﬁkﬁ§)\llﬁgﬁiﬁﬁgaﬁ:ﬁﬂE? W, RIMEE, XWLE
SitFE X EEYE TET 15 EE. ErYESETRAEN AN, (HIF

165



AR T8 R AR, BT 120 AR R OB, 4124 T— A
ANFIBT , TR R BT AL R T,

W, AT AR TT 02 Oy 1 SEIAT A EAR S R AT N EAR IR T
Loy TAEAT AN LIV — 8L BT SR Ca sttt 7 RER . T TR
A BN HHSWLE A, Erae R 203 REWRIHM
V. AT NERA B RPERAT AL T8 H B BIAT 9 Z AT SR 5
Hr. A HBMERATN RX - RIEERESAET R, WA U2 NHIFS
478D 2 A AN IR H AR B SR 7 A 031 R IR 2

BERBBFRA NESR. RINTEEENE FHE, TAEEAE—
ANEHIRIARSE . AT TR A Bl BOxt e B e 85 B A2 A A e L
=08, AR URZ T A S AR AR, IR AR A A T 1) & 4
HAARAE . (HRME R AT MR, bl N, maeR TRy R E N
HPEARE P ERES, JFRHE BT A, I s S BN . —
PNEIEWE ARG G M EEIEE (g—r570 1730, Brik,
ROMREE FE e R AR I T — MUK RERGGEITIN, WS
AR AR bR R R, MR T N B R
E, P EANR.

RERELN I A2 G e AR el ki 22 XIS, BRI 2~ R KA K
Fefidis Bl A5, X R ft, IR e AR AR . A
B, EATRGEA R Zh RES AL S R B . BEEl% . 47— MFE I E S
RifE “RFAE” 5 2B H LTS E TEAR B L e i, AT AT
FRpRE. LEan, FEZ5 BRI - WK RN, M RHA S 2R B A A
B KA — DO Re B B X4, X B FR) o B PR T At B, 3%
BRI 2T AL B S E R B R TR A A T ARSI ORI 1 AR A 48
8, URRINRS € XSk e B ¢ “ mise” , JFBuitizsh i (fRa]
REUl “APE! 7 D) o MEREESE AT UM BRI R RMEREIX — IS, ARAT15E
IR PO — RS T N E

Erik Hoel, ‘Agent above, atom below: how agents causally
emerge from their underlying microphysics’ , FQXi prize essay
(2017). Published in Anthony Aguirre, Brendan Foster and Zeeya
Merali (eds.), Wandering towards a Goal: How Can Mindless
Mathematical Laws Give Rise to Aims and Intention? (Springer,
2018), pp. 63 - 76.

166



Sebr b, AN NEGAREL B RS2 T v 2 BRSO AR I i
2, AR A oA T E A T B #E . FEi e iR RE SR
R, SR RIR R, i HE E R R g B RE LU LA o A
HIfE R . XFEERES52) 7R e NI . BLEER T AHe L
WRARPR BT« B /RIESE . 7”18 I B2t i, IRk “fF
FUEEHW” , W5 T UEMTT 0 (A H 55240 5038 1) RBARD Kol Az
BRARERIIMNL . b AR R S LA 5 HE 5 B H AR AT 9 AR
7 UVR] AT S B SO P B 28 G PR B ORI, 1T 5 8 AN B AT O AR AU A
Kgtt. e, FERNRRATEAGETITAERZE. X505
WHIRHES P MR S, ARG /N R NSRRI TS DL T, AT X R St
R VER . SRR R, B RS EMRES (b, —AMTAE
A OEDIRES) SEbr ERAERMEIR T, A e asie n] LS 45— )
e RO PR . 7

AT R ER) AT, (ERBHE R e fath, AR B,
XA - e N SE BRI R T ZL AR R R G R TR . AEIX A AR
BRI g g, FAEE - DUR RIS, DOVEIFRZ & RS
IEPORMRE— T o XIS CLuan, SRHERORIBD (5 i NS H 5 220, 1AD i
Ao AR T, B - mN RS BT ok, Xz oo A
B A FE R NS, EATARERP S0 AR X 5 o F [ — Rl
SCRRYREE,  FARLEE T R IR AN 2R Gt R B N ORI T A R
AP, AMEKENE 5 AL, PLRRRDSOIR AR K HUE = I fh 42 oo 2 i il
RAGILAE T, MRS RBEA T E TS FrbL, X BRI SRR 5
Wi N2 BT RI0. IRP N, RGE R S TRANA BB LA TR T RS
TFRIRL IR T AP R GEAIREE, BRI RIBENLIARE =, IR AR
e T A AR BRI, B R 7 RO _E RIS T IR R B R R A5
SRR AR — i AR R AT B . WU B, FRATTRC P R ) A
REEB AT A ZTH

T R PR IR B WERIE R GRS . R GRS 36
Bgeee - HRHUBANFHHH EIOR, 2B A2 MR EYE, RS IA
N, RAREE CEIERNESRTESD) AR R 7 8O R 5 = 1 45 2
ke, DAL, Qnid g P, Oy 1R RS URIE AT O BRI
Ve, ORISR —MEE T HAEBRER, EFRIREIRIE GEF HE 4R
FIRH) RRIEN. BATIERERWTEZ - HEMNsErE RS, e
MR BIMEARTIRE, et A eE N E T R 5.

167



BT KM

REETIRRE BRI e RS, HE T AR IRZ R A
JEFNIR AR AT TR ZIANRF AR o ABOR) 1 B 7 50k 55 HAR 1Y) H A B T 5 22 Ta] )
ERAL, RNV ORI FATERI T . ' T T, XN
“ONE A, ERR R, WAEFSE PR, AR 7 RIFEZ
M AAFREREA S WIATE . SR, — BHHMTE 7FIE, 4R A
TEMWre teln, WOR AR TR E ORI R, AT AT 2] A B B 45
Ko XFE—HK, ZHTRIBMI SRR I b, ANHA S e e PEEAR, 1 2 A
B 3E G PAT T 2 g A — AR T R I IR RO ME R T, IR R 4t
B TR EE, YRR, e B R R TR
(S AE IR o E EH BT 15 AN A ) B 22 S M I = 0 i, ANARAE
AT BE M7 SO T 5 BT BAT ) R A B R DY LSRR TR, SO — N
BN AR IS SRR . X — A e BT, DA T4 DUE A
PG A% A 0« R ZAEN S50, Kb “ BARe =R
CXER) “BARL” BEPFN “BRBIA” D aaesie s N "l E
W MAJTEUL, OIS R AN FRORE, MR — T, BRI & 11tk
PO IR A B H AR B A R EORREI BN — 5, A ERELL—
P (07 SO AR M 2 A5 IN, A R (RIS Bl £ A
MR REZIIAZ, RE AT VR BT &I e fe R 2 I
A A AR IE R

Penrose, The Emperor’ s New Mind.
Penrose, The Emperor’ s New Mind.

FHERFRFER DA « P M RA30F 0T, & A5 NKE
W R RIEH T —FHrEE. R e LAy s & 7 it
AW FXFRAERZE RS, BT a] LR 7 RN A B R A R 4y
B MG, MH, BRARKIN AR TR, SRR AR X — At
FE I . AT, AR | &' BV RO I T RO A 1 AT
REVFHATH, PO B, MEai T vl etz sl 7 &1
R . 325 Wit R IXFE U . BRI UL, A RRA L A T
WA RIS T RE s AR T 122 7 AU BB B, MR O AR BE 3R T 22 &
GRS BALFRRE 7y, IFTEX —id R rh DL AT U A R, PR X4
WA, 2P W LELFEH . RIEE R RRE « B2 R 18 1 R RN o

168



FERRBELRE R, 25 Fh o> TR B AR Rk, FERINIIAR 22 5 T REA 32 RE
RIS OL N2 BE R ERR. A, XA EREVIARS 278 70 B .

BAVLIUEIN, 2% WY RN O sk 7 KERSE. KW
WEBMEF A5, AE “RAF17 PR XA, A8 — A s ae
WE, FE RN A BRI R 1T 2R A R, B RO (R AR T3 = L R ZE 11
HERIGZ . REIAVRAERS MRS e, HE T HSEAERZ i Eas &k
filaisk TIRZ 15 E

George F. R. Ellis, Denis Noble and Timothy O’ Connor, ‘Top—
down causation: an integrating theme within and across the
sciences?” , Royal Society Interface Focus, vol. 2, 1-3 (2012).

A proposal somewhat along these lines has also been made by a
group of physicists at Oxford University. See Kobi Kremnizer and
André Ranchin, ‘Integrated i nformation—-induced quantum
collapse’ , Found ations of Physics, vol. 45, issue 8, 889 -99
(2015).

PAERT ST IR 1 RA R - T Je S LRI g 37— Rk v g ik
FEME, JFH okEre, HTNERREE, WMRRE T EER
Z IR A T —FIrk. BT, EREREL T - DNERARSN
BARTHRER T TIREZ AR L . R, EHUR T REHEAIRE: A
W+ ARG RANEIR 26, R4 H T30, LRy 5B
ZIEHR AR BN RTIXFERfR R E T REN OERD, HIRAZER T
HERGLGEK, XPNEERGH OEMEZR, AERSEBORT 3%
HIPERT . WER —DHEIRBAEANZ RS, By “Bes” ’—in, B4
PEARRIRK . AL, MhizRFME, AFARLEEZR. WRET RS
I TR ZSAL T A IBUR T fH, 2BEAR? MBRAREY, KA@Ml
FE P20 20 20 A0SR H A & R S 1 — SO . (B KE SRS B
IR RGOk (R, — N ASRMIE) , SEMNSZEEEKRE
B, ZR SRR B, B B R BRI, XS R
A B LT FHERXERAO T, EABRINRSE FEXANMF, Bl
B X e AR RS B4 thif)) FEJR 5 IX AR = 4 7 Eiehn 7 AR T, fE
HHIFr, B R BER G R 2 MG BoRkE R, A5 Bk 4ean
NSERE B E R T — ARl

169



A MPER A (T A0, R SR BRI
SRR L, A T LR RETE T, BT T
o RBATA FRTIIRA E . B AT T RT %, EARR
AT T AR

B HATH SR SRR, SRR kS AR . K2 HR
FARGITE, WNESIAATRRE R, Mkt 258 H i R A5
TR EFERT IR FERNENIRIL 7kt 2. K — 4
WA HERORGIIHIE B AS T . B A L, &R RE REARA
LAYE RO B . K2 SRR N E KRR, wilid e Es
15 B

David Chalmers, The Character of Consciousness (Oxford
University Press, 2010).

SR, FFARREAS NAR I RIS JE 28R ) AL st e ke iR, B AATTK
IWRCRMARI A 5 R 45 BALE k. L RS2 R CR I A5 5 22 5K 34k
o ERBRITIE R IR 0 R A3 R B R A PRI R . R SR )
(FHL EIEAMARED SE4E 1B R RIS AR DA 22 R, talh
R, AT NG WX ASFY I BN I, BRI o f iR e 22
ToHE RS T . XREFHAN TR AR ) . (HRUE AT RTE P A
RAZIER:, WIIRFE AT ZRSAFI R “ 22 A" o XN
FET WAL —H, P 20X M AT, AR EAR Ry
PE” o AEANWON, 5 EARI R SRR IZ WA, HEk 71 R
5 CEAFENR NIRRT A TT A2 D H RS VRAEAE” 1R 13U ]
RENBIAE,  “ROREAA” [ A2 7Kz B AT DA RV [ 1 s
R

170



Z51H

M GEYHTAER, NITEREARZI MR 2 R G 2 4505 .

Albert Einstein, letter to Leo Szildrd. See R. W. Clark,
Einstein: The Life and Times (Avon, 1972).

——BRAARS « BEHHE ©

B R I 19434F R MMM U R ROk, 54 DAE 31 AN TR G
U AR R AR, R B AR BEE n E
Bk, S AT MBS A AT 55, 3 A SR T Al T 4
Y e — T T 25 7

AR ERJVER, G PURRBORBWI ., 25 B 5L
IR SGER T — R MR, BRIRGL, R REEAVRE IR A B AR A
B, TR A O AR AR NN RIRZI R 22 e i R & Cd
£ T 150259 . GUREIRNEED RFA S 0] BUT ARG P55 A HE LS 15K
%, RWULW KIS A RS RITE S AR A SO ) A ) . R
et Cafft TAHNALR, HEHVE, FEEVEEAEEY RSP
HIRFIEIR /L, WARA R JdTok b — R eme )i, HTES 1
BEVRAE SR A AR A i PO 3 AR o 0 P kAL

JEAYME BRIV i SR, EEIFEYIBURE A 1. FH
S BELEMERE T 17 HOKTE, EX T, efraEsyH
EHE, (HEAREPOX e R, BIERAIA AT RN S e b 153 2015
Boet. T in Bk A ey B E AR SRR, A TR B Y
% S B S A YA 2 TR R R v itk 2 B, i HIUA M E e O 2
R RAE AR AR BT A 3R A 1 AR 2 N i fee, DAk, Az am
FRI78 70 R S PR R B AR R ZI R AR VG, 28 /0 R B B e A B (1 1 SR
B Ik

B AN AR LA, MBS 500 e A A B — AR Bk . FRATT GBI
B2 AT F RN LK, e — BB R EHBHIRA .
s AU L R AR 2 2 21 1 b A S AR R RS, (AR AT T P
RBMEERZ 2B M. RE—Mie, 7 Daferabl—rE

171



Y H B SR T I8 T sk . BRSO B E AL R =
o T IR B R RO B R KA FE SR AAAE, BTN A b
WANE 1 BER R SR RS, B B REFANAR . NI, BV RIS 2
YICTENPE S 2 Mo 1 R 7 0 B o e St o @7l w2 M o o O N 62
TS BER ATV T H iR U S e 7, 350 e %€ e AN . 1630
T, HRJLARFE B RE 17X A

René Descartes, Philosophical Essays and Correspondence, ed.
Roger Ariew (Hackett, 2000), pp. 28 -09.

I B elid 7 BN, B A EENE CEESE 7R
TR 0, R B A g)ig X E I, IBA it e R B £ B s —
FESCRAREIE MR XA A, BATRTLAR et 2/, 2 b
RERBUCRRE, HRUINENRKEAER . EFFEFmL. ©

g, T RS EAEEYFETRE e, XA SiE
JIAE TRV o

AT R AE T, A7 I PR ) A 23 SCRIAALAS SO AT 9 RBA
I

HF IR AR B T #0300 25 4 A 8 L LA S T [ Y
V200 5 AR A I R TR AR AR T . X — & B AR ERATR KIS |, PAE
THEAMRDERRIE L DN ERKER . ERATEEE T E A E
VW, WAREEE BA R R UEIE BNE A S L AR . FsL
HOLR T NI Z P ZE LG, ERYNEN S SR R
Ak, R E T A R EAT . EEI — M E T R w5 K HAT
NIEAE, XK@ E IRy RO . FATAT LARHZ I A DL 187 2 =] i
AR HMERTIN, —METRS (W, —DNET) SRyEECiTR
PRI B E WA, ESZRGE MR R&S SRk, I
AR (e, —ANETRgEE) BATIER, R APRESm SRR (A
i) o HERE, B MR RTER, mE AR, BrRL, wiE
TARGEME, AMMTEEARZEN: BREAZTIHNZ—M, HARGHK
RETI 2 T3 — b VR, REA-FS5EEARMNER. B —1ET
KRGUHATIE, KEERPFERTRENEL (i, — DR T4 e
20, BRINE RGBS WEZEIAT R HTIRA K 1 i el

172



BT, RONPHE R AT PR, SRR T EE, ik
=T —BEE,

Charles Darwin, On the Origin of Species (John Murray; 1lst
edn, 1859), p. 490.

ERA BRI AEY AR AR, NONEMNA S BRI R IFANER . 18
IRSCAR B LARTAUE COMGERIED MgiRamif 7 an M2 o IR I
[ %€ 1 5| T e B SRS BT, VPP 2 2 GRS ar i A a3, BT
ANk R s AL TR, JE HARE T e 7 A A R TORR Y
SRR, (HESRZ Y, XA R G R TT BRI
SR, AEVD U A TIRIMVIRES, Hh R 2 A I, XK
Z 5EMPNE BRI A K. LB N0 E BRI =HE “C6T” 18 id 4
R T — A A MRS RIR R IR (R o« REIX B 5151
oL, HHIEEMONRE RG] e —FER B R, w1
JUFRTBLEERIAZ, M “C6T” BRI RIS NR R CLAT St L 1, &)
REE T St B ] PR RN o AR U e SRR B, HL A e
EHTIRZAY), NG R s et A7 S A58 A Ve A =
PR ZHFRATRE A AL S Y R, 2B i )3 AR 06 5E 2 A — e RO B )
1) A B 2 AR B8 P T X5 o

17 H,  AEIE R T AR R GAIRE . N 1R E R R R IR T
2, RS B PR G Fha [ e B i, ERIASRE R E
PARAIEIR, MF AT BERERZHATRERIELR, (HAn R B4 & AL
PR = I, BT AR b A% S8 60 R A S . 3
£, MR -MAFRKZRBR (FEATT B ERON “Gats” O, e ar
CABEE s AR AR e T s . JHL A, O 7 it 5 2Rt AT 2R 0, e Ryl
AACH R TR IR . boan, R AT BRGSRIE, R4 25 BT B e i
UK “E7 BBk, AR k. B, wREBEITHBETZMA
“Ie7, MaATRBERTLAL “Ie” FETRE S, WATbhabe g, (X
M PR B IR, (B LA A MR R 22 4k ml e 2 Lk i X A2 15 B 4 Be
b BB RIS, — ) EL T DR E R R B D A
AT e “ BRI 7 Boe N, AT B e . HIXA RN
TAEFUN], L B E 2 BN EMTT @M —FoT - il
W, By R IR AT I REAL A CREn s ok g ) o e — b
TOLR, G AR T AR T BT A R FE R T RR

173



T AT 3 AT BT R AR SR EEAR S R AL R A 2%, BN
ANETHN, I Hoae A2 2 Rl SRS —— A B 7 S I 22 R HEA
—— MRS A AT [ R A% G [ B R TCEE SE L . AEIXHE, AR
B VAEKR T e IR 7SR CRTaEtE R, XX AR RS
PRSP IR

Nigel Goldenfeld and Carl Woese, ‘Life is physics: evolution
as a collec tive phenomenon far from equilibrium’ , Annual Reviews
of Condensed Matter Physics, vol. 2, 375-99 (2011).

Nigel Goldenfeld and Carl Woese, ‘Life is physics: evolution
as a collec tive phenomenon far from equilibrium’ , Annual Reviews
of Condensed Matter Physics, vol. 2, 375-99 (2011).

BEIR S BR B SO VR 2 0] B B AR RS B — RS . — D RS REAT
AR T Z ARG R BN . B TESEPNA ARG S, k-
RN« KSR TAEZ G, el VAT REME R L. Bks “Em %
B EAAR” WM EDSR, IRk B RIGW S EIEK, XFEE —aHis
FRECEE S BN REZ ST BRI B RS2 B 22 R
IR e KB GRIERN AT ZIMIAN DB HE A KL —. “HEBPNZ
JRON IEFA R AL DL B A — S AN RT3, BB AR D45 2 B 1 1 8
%o U MEE. TR SR Y S R R A BRI A AR
WEFCRE AT X L JE R L, E B A, SR AR GBI AL AR 5 AR
A GRS Z AL WL 1 70 8 - - Ab T SCRCHA 17 RE I AT 05
PRI YT, TBOE BT AN . SCBC 22 Gl i Ta) s 4 0 00 0052 DL 3
ZTT ARSI, w1 S WGl R R AT . RGTRE o I 1] R
AL, FEDHA B AT P gz el, HSCRC A B 38 . Tt SR
R EORTE, AT RES UG, PER 5 AT Ay B PRI AN [ R 2 70 # Re
FRFPAIEE . (ARt b, BRpstREuE, R2IMR” .

Other commentators have suggested something similar. For
example, Philip Ball writes, ‘If there’ s a kind of physics behind
biological tele ology and agency, it has something to do with the
same concept that seems to have become installed at the heart of
fundamental physics itself: information.” See ‘How life (and
death) spring from disorder’ , Quanta, 26 January 2017, p. 44.

174



George F. R. Ellis, Denis Noble and Timothy O’ Connor, ‘Top—
down causation: an integrating theme within and across the
sciences?’ , Royal Society Interface Focus, vol. 2, 1-3 (2012).

EER3FH, ik | B F FRIRTES « W IR « PR — A
PSS, WA B BRI AR AR U B TS B 3P, RAR, b
AT TSN RL B 7R B AR i B SR IE—— R IR B L. R, X R —
MR Oy VLA TR A SR A NS, A B H AR PR AR
R T 22 B S22 G )05 B . X —TAEMAR N, WA EH
ABERMB B —PhiR . "R A BORUAS R T A& SR P B 2k, e
BN T ARG, ARG T IR A sy, XM E i e
BXRR. "EHESERATSHMIB R I AELWARL, B R
A BAEATREM AR ZAR N, BT 2R EN]. (HIEA S OV .
HTRZED T REARMAREN . AN, FUNE R R AT
PRAEARERIZ MR . AEROWZ T, 5 KR A R] DL B 2 DL Rk
MRS HAR I T OAEE, A, BENMED 7 2R E 2 IR
HER) . LETE Z AR Z BRI R AR EER R, eI B RGN E R
W A 2R T B o S PE SO AL, EARS N B, BRI AE R R R
PLHIB BRI T

FER ARG AT N T e Bk, B 202 RGERNN, X JF
AR MR A U AT C I, R W0 A R e A
WZIRMEASGH GXHEK “RIE” FRIXRAGRA AT, BIERATHA
KT IRYRFERSFRIRE 5 T3, RApe M Amgly) . F
e, WISV IR R YE” o FAX BER AR EE “FEE
MBI NE” , TR — KSR E MR 2% R G0 b I 3k ) 15 /2.
R, AR DR e R BB AEYIRFAE .

Sidney Fox, ‘Pre-biotic roots of informed protein synthesis’ ,
in Cosmic Beginnings and Human Ends, eds. Clifford Matthews and Roy
Abraham Varghese (Open Court, 1993), p. 91.

Gary Steinman and Marian Cole, ‘Synthesis of biologically
pertinent pep tides under possible primordial conditions’ ,
Proceedings of the National Academy of Sciences, vol. 58, 735
(1976) .

175



RKTHBHIRPIZEN, RERANA 7E XU AT, L
A AN ? AR — Rl R E, FATTR G 8 AL WAR - AN HE VL BLAS 1 = 28 1
N RS RSN BRI A ARG et R 51— AR )
W RHEA 5N ERNE R, HEEH b2 BN E
I ARG, R T RE A B R BEAE At A 2, AR
ARG T ERTAE SR E TR S, BT A R L T Fo A ke
TR AN F KB « BT MR O KL T RN . AR R I SEEGIE
PERY], RN R RPN (RO “ARBE” O I, BT HA
THEGRAEEYFE X EAHND T, BiREAR. “BRERETREE
(HESE G R BB . 7 A5 . 35 Rk, A S BeiE L2
2 LR SR A d, I RENTE B I — . AR JEWIH ALK
FHUNE « Wit AN Z « BUREIRS T ARBHUERBERTE R, H 210
TR R ARG 7R, BT BV R
IRKFFIB VA d RIE  E & A T, 7

A start along these lines has been made in the following paper:
Ivo Grosse et al., ‘Average mutual information of coding and
noncoding DNA’ , Pacific Symposium on Biocomputing, vol. 5, 611 -20
(2000), where they write, ‘Here, we investigate if there exist
species—independent statistical patterns that are different in
coding and noncoding DNA. We introduce an information—theoretic
quantity, the average mutual infor mation (AMI), and we find that
the probability distribution functions of the AMI are significantly
different in coding and noncoding DNA.’

A N REM T Wb RS, A A TR A I IR mOE R T
ZRBJ¥, FHLb, ORI R AR S B NG, eNTR Y
M S N SE AR 01 B R P T PR . X R R T )
FHEZRNAR A Z B, (BN SRARHE BRI N 0 2, 15 DLAT RERL 2 58
EARA. ©

RV (ORREGIR) A “Fl 2R KA, MEAE
TR B BATT 75 ZEr i I B i U K PR H I I A i AR . ARATT YR Rk =23
RIE I, IR R AL S —— AT A BA T/ ER U BRIk ? (XA
AR, HAomee S sm N REE A RN, BFoyeH
AL SR MR REAE 7 1 515 B Z R SRR R .

176



IRFATE LA ) TARSAHRNEAS RN &7 %, Efia
A R DR AEAN, g E S aBee 7y, BE 38k
G “AGHE” R sl — T ORI, RIS, mR )
115 B RO« ZE5 R VX Rl aett: EERARS
BRSO 2 S S AL B B AT A B %, IX AT e
Hias . HBATME BAHH I A M BN 1 - A L R
I, MAFEMIRIAEMEEEITFREAEZ . AREL, ERRn R
IR T A i B UGR IR B AR ©

A, gl 1 IEERS A R RRFA A B 5. Bk
RIAREE, JUPRERERA B SCRRBCE B S In 4 R, N BN 75
SRR R AR A i TP B A B SR S AL T R AT S R AR
VP22 R R B S8 R TR o W RAFAE S R D B e i —— th VP2 SR
ASHRAAEAT 1T B BEER R R BE B ——A Tz ik A s S A
VI E A Y X e R e T, e RS THRARER RS, B E
TR FSLE, BT AN R ? SR g i S A A
AIEER A NG ? [ 7 IXE IR R A R A, R AR, IR R
HIXERR . A BOAE Bl dn = 2R 2 52 a7 AR TR SE P AR 2 ik
MRS G ATBEATFERENE SR YIIa b 2R, Bl
RIS S Bl XA e, AH BT SR B 2% A g HAl AT R AL 2L
figtr, BREFFENACRRA 2 EE, RIBARE. PraiXsi

R Z AR o

There is the even thornier question of where any laws
ultimately come from, a topic that I tackled in The Goldilocks
Fnigma (2006).

— s T ORI B (S BRI, LR AR R K IR T3 BB
ML, “BEN7 (%M. SRR 2SR T 90 B 1, 0 BB A
L AT BRI <7, (EIEJEIE B BRI R — R Oikie b
fERl 226, T FLAVEI B, Bk “ o7 #Repos 5o s Ak 7 A1
SN, RS BRI T “AEfE” (7 S, R RIE % SR R,
SRR CHYAEET B R TR SR . RATIE S0 T A
RIS 27557 4 R BLHIK, EA ] SR 0 3 B
SRR (B TS R AR . B UL A T
I, (B AR A R 1 — P R SRR b RATARIE

177



BUEER T SETWHE ARG ER . VIEE AL T RS RS
JZ, MR E HHERRAE LR, B ZRIFEAEERT R . SIE R EY RS0
AN, RIS R AW s, DONAEAEY) 2, AN R 2 T2 18] bR
NI SR AE RS AN IR AR 2 TR I8 AR AR A st & . DR SR AR BERT L2 B
N ER CAFERBIAYIED , Wel B2 E B M e ONEYEREEED .
N TR NN E A TERE, I H OB B SRy — R AR S i i s
RIS FEA, IR NF SR AARE,  BAT T EER e A R AT )i
FEHIPG.

“Errpsia” 2ts, NELESG A EEHERERILR, B B R
ERERE LR R, BN RAEARG R ESGR SR, T2
7 OC bR . ——FEEE

Jacques Monod, Chance and Necessity, trans. A. Wainhouse
(Vintage, 1971), p. 180.

Christian de Duve, Vital Dust: The Origin and Evolution of Life
on Earth (Basic Books, 1995), p. 300.

AR ARV IX SRR ) B2 A DB 2 A ZORUR B
2, WRER 1o eNIADOS TR AL ar R EE, 38X 1 A SEAFAE R
AR AN FA AL T8 A AL B R U K AETR RSO, AT A 2
Earglis 7w, SR, REHAEER L BRI RERFERT
B AN REXT A= A ] AR ZE i B AZ TR AN H e 46 B AR, (ELRG 1T SCHRp A i 2
—RVEAFE I UGE, BT “ BRI RN, X EWRE A F
HBEARIN, ABR/R AL E S EEEEN DT, ERSEHRA 1L 71
MIEE R E . SR, £ “HARE X" Wiz iohst, FaEEFRE AR
s (HEME) Bdl. RTAamIRE, AW e . —Fb
FeMETE » FIER BIMBAAVERRDL, J— R v B2 « ORI “FHZ
IR WL e BRI A A AR AR TE AR SR A R T 1 SO 2. “ AR
A ORI, 7 AR EE, ¢ (NEHD iz T AFIBE, ANEH
SERFEIE. EREEZ TR, XEeR N NI FHIFPREE
Aty WA T N R . 7 7 8RB I RS SR, A
REIE, “FET, FHEIFEDL” ,  PIRGSIR MR ST
RO VAMRGEIE, REEM IR . AEaiiine & S B HAHA ? L
TR AR AU AR 0 B R IR R - 8 AR T HH R 2 AT IR S N R A B
EEAA T Ewhdl, BEwel] “AEmmmAR” o B2, WRAER
VAR AR Ao RS A AR RS A E ? SRAG TGS, AT AS HAT Tl 25

178



R RFIRTE, EEAITTRSAN TR ZHNEREEEHEAG—K
AIIRTE AL e X R R G SRR . Il XM PR T 3, T A e
VAR A AT A ar i ARG, XA 2 — D NIRA AR

X EESEIMAE I R ANF TNy “ Blig a i ek g 2B b alid AR
7 B AL EWCRAdr (WIFIEE FIRD KMy B R g &k
AR, RS IRAME S AR S BEREE, WE - FEiHEr L
IS o

AFER U, BATH AT H PR ERERIREE. (AP EEL
R 45

40

179



FIE A ) 352
1% EMRH AT

Anthony Aguirre, Brendan Foster and Zeeya Merali (eds.),
Wandering towards a Goal: How Can Mindless Mathematical Laws Give
Rise to Aims and Intention? (Springer, 2018)

Philip Ball, ‘How life (and death) spring from disorder’ ,
Quanta, 25 January 2017; https://www. quantamagazine. org/the—
computational—foundation—of 1ife-20170126/

Steven Benner, Life, the Universe and the Scientific Method
(The FfAME Press, 2009)

Paul Davies and Niels Gregersen (eds.), [Information and the
Nature of Re ality: From Physics to Metaphysics (Cambridge
University Press, 2010)

Nick Lane, The Vital Question: Energy, Evolution and the
Origins of Complex Life (Norton, 2015)

Ilya Prigogine and Isabelle Stengers, Order out of Chaos
(Heinemann, 1984) Erwin Schrodinger, What is Life? (Cambridge
University Press, 1944: Canto edn, 2012)

Sara Walker, Paul Davies and George Ellis (eds.), From Matter

to Life: Information and Causality (Cambridge University Press,
2017)

Carl Woese, ‘A new biology for a new century’ , Microbiology
and Molecular Biology Reviews, vol. 68, no. 2, 173 -86 (2004)

FoE EIEZTHHK

180



Derek Abbott, ‘Asymmetry and disorder: a decade of Parrondo’ s

paradox’ , Fluctuation and Noise Letters, vol. 9, no. 1, 129 -56
(2010)

R. Dean Astumian and Imre Derényi, ‘Fluctuation driven

transport and models of molecular motors and pumps’ , FEuropean
Biophysics Journal,vol. 27, 474 -89 (1998)

Peter Atkins, The Laws of Thermodynamics.: A Very Short
Introduction(0Oxford University Press, 2010)

Philip Ball, ‘Bacteria replicate close to the physical limit
of efficiency’ , Nature, 20 September 2012;
http://www. nature. com/news/bacteria-replicate—close to—the-
physical-limit—of-efficiency—1. 11446

Charles H. Bennett, ‘Notes on Landauer’ s principle,
reversible computation and Maxwell’ s Demon’ , Studies in History
and Philosophy of Modern Physics, vol. 34, 501 -10 (2003)

Philippe M. Binder and Antoine Danchin, ‘Life’ s demons:
information and order in biology’ , FEuropean Molecular Biology
Organization (EMBO) Reports, vol. 12, no. 6, 495-9 (2011)

S. Chen et al., ‘Structural diversity of bacterial flagellar
motors’ , EMBO Jour nal, 30 (14), 2972 -81 (2011); doi:
http://dx. doi. org/10. 1038/emboj. 2011. 186

Kensaku Chida et al., ‘Power generator driven by Maxwell’ s
demon’ , MNature Communications, 8:15301 (2017)

Nathanaél Cottet et al., ‘Observing a quantum Maxwell demon at

work’ , Pro ceedings of the National Academy of Sciences, vol. 114,
no. 29, 7561 -4 (2017)

Alexander R. Dunn and Andrew Price, ‘Energetics and forces in
living cells’ , Physics Today, vol. 68, no. 2, 27-32 (2015)

181



George Dyson, Turing’ s Cathedral: The Origins of the Digital
Universe(Vintage, 2012)

Lin Edwards, ‘Maxwell’ s demon demonstration turns information
into energy’ , PhysOrg. com, 15 November 2010;
https://phys. org/news/2010-11-maxwell-demon—energy. html

Tan Ford, ‘Maxwell’ s demon and the management of ignorance in
stochastic thermodynamics’ , Contemporary Physics, vol. 57, no. 3,

309 - 30 (2016)

Jennifer Frazer, ‘Bacterial motors come in a dizzying array of
models’ |, Scientific American, 16 December 2014

Gregory P. Harmer et al., ‘Brownian ratchets and Parrondo’ s
games’ , Chaos, 11, 705 (2001); doi: 10.1063/1. 1395623

Peter Hoffman, Life’ s Ratchet (Basic Books, 2012)

—, ‘How molecular motors extract order from chaos’ , Reports
on Progress in Physics, vol. 79, 032601 (2016)

William Lanouette and Bela Silard, Genius in the Shadows: A
Biography of Leo Szildrd, the Man behind the Bomb (University of
Chicago Press, 1994)

C. H. Lineweaver, P. C. W. Davies and M. Ruse (eds.),
Complexity and the Arrow of Time (Cambridge University Press, 2013)

Norman MacRae, _JohAn von Neumann: The Scientific Genius Who
Pioneered the Modern Computer, Game Theory, Nuclear Deterrence, and
Much More (American Mathematical Society; 2nd edn, 1999)

J. P. S. Peterson et al., ‘Experimental demonstration of
information to energy conversion in a quantum system at the
Landauer limit’ , Proceed ings of The Royal Society A, vol. 472,
issue 2188 (2016): 20150813

182



Takahiro Sagawa, ‘Thermodynamic and logical reversibilities
revisited’ , Journal of Statistical Mechanics (2014): doi:
10. 1088/1742-5468/2014,/03/P03025

Jimmy Soni and Rob Goodman, A Mind at Play: How Claude Shannon
Invented the Information Age (Simon and Schuster, 2017)

F3FE AwHEZHE
Gregory Chaitin, 7The Unknowable: Discrete Mathematics and

Theoretical Computer Science (Springer, 1999)

Peter Csermely, ‘The wisdom of networks: a general adaptation

and learn ing mechanism of complex systems’ , BioEssays, 1700150
(2017)

Deborah Gordon, Ants at Work: How an Insect Society is
Organized (Free Press, 2011)

Andrew Hodges, Alan Turing: The Enigma.: The Book that [nspired
the Film ‘The Imitation Game’ (Princeton University Press, 2014)

Douglas Hofstadter, Godel, Escher, Bach: An Eternal Golden
Braid (Basic Books, 1979)

Bernd-0laf Kiippers, Information and the Origin of Life (MIT
Press, 1990)

Janna Levin, A Madman Dreams of Turing Machines (Knopf, 2006)

G. Longo et al., ‘Is Information a proper observable for

biological organiz ation?’ , Progress in Biophysics and Molecular
Biology, vol. 109, 108 -14 (2012)

Denis Noble, Dance to the Tune of Life: Biological Kelativity
(Cambridge University Press, 2017)

183



Paul Rendell, Turing Machine Universality of the Game of Life:
Emergence, Complexity and Computation (Springer, 2015)

Stephen Wolfram, A New Kind of Science (Wolfram Media, 2002)

Hubert Yockey, Information Theory, Evolution and the Origin of
Life(Cambridge University Press, 2005)

FAFE KIRFEW2. 0
Daniel Dennett, Darwin’ s Dangerous Idea: Evolution and the

Meaning of Life(Simon and Schuster, 1995)

Robin Hesketh, /ntroduction to Cancer Biology(Cambridge
University Press, 2013)

Eva Jablonka and Marion Lamb, £Zvolution in Four DimensionsMIT
Press, 2005)

George Johnson, 7he Cancer Chronicles: Unlocking Medicine’ s
Deepest Mystery(Vintage, 2014)

Stuart Kauffman, 7he Origin of Order: Self- organization and
Selection in Evolution(Oxford University Press, 1993)

Lewis J..Kleinsmith, Principles of Cancer Biology(Pearson, 2005)

Matthew Niteki (ed.), Evolutionary Innovations(University of
Chicago Press, 1990)

Massimo Pigliucci and Gerd B..Miller (eds.), Evolution, the
Extended Synthesis(MIT Press, 2010)

Trygve Tollefsbol (ed.), Handbook of Epigenetics(Academic
Press, 2011)

Andreas Wagner, Arrival of the Fittest(Current, 2014)

184



Robert A..Weinberg, The Biology of Cancer(Garland Science, 2007)

Edward Wilson, 7he Meaning of Human Existence(Liveright, 2015)

HoE R E T A

Derek Abbott, Paul Davies and Arun Patti (eds.), Quantum Aspects
of Life(Imperial College Press, 2008)

Richard Feynman, ‘Simulating physics with

computers’ , International Journal of Theoretical Physics, vol. 21,
nos. 6/7 (1982)

Johnjoe McFadden and Jim Al-Khalili, Life on the Edge: 7he
Coming of Age of Quantum Biology(Bantam Press, 2014)

Masoud Mohseni, Yasser Omar, Gregory S..Engel and Martin
B..Plenio (eds.), Quantum Effects in Biology(Cambridge University
Press, 2014)

Leonard Susskind and Art Friedman, Quantum Mechanics: The
Theoreti—cal Minimum(Basic Books, 2015)

Peter G..Wolynes, ‘Some quantum weirdness in

physiology’ , Proceedings of the National Academy of Sciences, vol.
106, no. 41, 17247 -8 (13 October 2009)

HEE LA HIEIR

A..G..Cairns—Smith, Seven Clues to the Origin of Life: A
Scientific Detective Story(Cambridge University Press, 1985)

Matthew Cobb, Life’ s Greatest Secret: The Race to Crack the
Genetic Code(Basic Books, 2015)

185



Paul Davies, The Fifth Miracle: The Search for the Origin of
Life (Allen Lane, 1998)

Christian de Duve, Vital Dust: The Origin and Evolution of Life
on Farth(Basic Books, 1995)

Freeman Dyson, Origins of Life (Cambridge University Press; 2nd
edn, 1999)

Pier Luigi Luisi, 7The Emergence of Life: From Chemical Origins
to Syn thetic Biology (Cambridge University Press; 2nd edn, 2016)

Eric Smith and Harold Morowitz, 7he Origin and Nature of Life
on Farth(Cambridge University Press, 2016)

Woodruff T. Sullivan III and John A. Baross (eds.), Planets and
Life (Cam bridge University Press, 2007)

Sara Walker and George Cody, ‘Re—conceptualizing the origins
of 1ife’ , Philosophical Transactions of The Royal Society (theme
issue), vol. 375, issue 2109 (2017)

BTE LRI R

David Chalmers, T7he Conscious Mind: [In Search of a Fundamental
Theory(Oxford University Press; rev. edn, 1997)

Daniel Dennett, Consciousness Explained (Little, Brown, 1991)

George Ellis, How Can Physics Underlie the Mind? Top—down
Causation in the Human Context (Springer, 2016)

Douglas R. Hofstadter and Daniel C. Dennett, 7he Mind” s I:
Fantasies and Reflections on Selt and Soul (Basic Books, 2001)

Stuart Kauffman, At Home in the Universe: The Search for the
Laws of Self-Organization and Complexity (Oxford University Press,

186



1996)
Arthur Koestler, The Ghost in the Machine (Hutchinson, 1967)

Nancey Murphy, George F. R. Ellis and Timothy O’ Connor (eds.),
Down ward Causation and the Neurobiology of Free Will (Springer,
2009)

Roger Penrose, 7The Emperor’ s New Mind: Concerning Computers,
Minds and the Laws of Physics (Oxford University Press, 1989)

Bruce Rosenblum and Fred Kuttner, Quantum Enigma: Physics
Encounters Consciousness (0xford University Press; 2nd edn, 2011)

187



&5l

LA
RATREH L1
IR
HSME fir
BET
2R
A s
FERAE
R 4 2 7
ke

RIS B
R
i1 T 2
24 5 AR
BT
BTl

Z i F K

188



15K G

5 1) L (AL n) )

& RAR

& FR

RERRER)

MRt

I 5 20

PR g SR AT R
RAEA) 7

W IR E A%

B R T KD
FRHL GEATHED
IBAHT

A

itk DRG]

2 e S 39

189



MALE G

Lo B 7] 7

B R5 %
EARAE
LA 2 2
s 1Y) B

T IR
JCHLE B

AR AR FR )
FEAL

B} Vi

EEi ¥
EEi%i=puz

BN

SR

il

R

SEce:s

190



	前言
	第1章 生命是什么？
	第2章 走近麦克斯韦妖
	第3章 生命的逻辑
	第4章 达尔文学说2.0
	第5章 鬼魅般的量子和生命
	第6章 生命的起源
	第7章 机器中的幽灵
	结语
	延伸阅读
	索引

