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01 Fi7: RERMNIMOZHFE

0:01 FEEE 19758 £ TRAR LRI
Hello everyone. Hello everyone. Some of you dear contestants are very 3RS, 1986—1988FER=ED

MO, 135 Z2MREFERLFE
ESRM; 2006 FFRIERLLE,
i EMMARZERZIN DR
when he was 11 years old and he received a bronze medal. The next year (UCLA) #%is

young so perhaps you do not know who Professor Terence Tao is. Just a
few words of introduction: He participated at the IMO for the first time

he came back and he received a silver medal. After that at the age of 13
he received a gold medal and he was the youngest participant to receive a
gold medal. Then he went to university and he didn't participate at the
IMO anymore. Now he is professor at the University of California LA and |
can say that he is definitely the biggest IMO star and of course one of the
most influential mathematicians of our time. Especially for you: Professor
Terence Tao.

AR AR, EENSUSEEFPRELEAFEFR, BIFATNE
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02 B|5F: AISHREE

1:41

Thank you. I'm very happy to be back here at the IMO. The time | had at
the IMO was one of the most fun times of my life. | still look back on it
fondly. | hope we all had fun, not just in the competition whether you get a

good score or not but also in the social activities. They always host a
really good event here. My talk is on Al and more generally machine
assistance in mathematics. You've all heard about Al and how it's
changing everything. | think earlier today there was a talk by DeepMind on
how there's a new product AlphaGeometry that can answer some IMO
geometry questions now. There will be a presentation on the Al Math
Olympia right after my talk actually so please stay after my talk for that.

B, HIEESMEEERIMO, HEIMOESHNRNERALEFRIREKH
BYtz—. HEST WEEﬁE’J/L\'F@’IZﬂBExEI? BHEEBNARE T
BHLD, TREERZRFEARG . TEMRNDBFATF, CEESMHRE
&, XEENNENEEIFEET . &E@?&%EEHE’AI MREMZEX
FRNZBRHEIEE ., ARTEITRIA, LAMEEEERE—Y)., HFEBSXK
BLEERHEE —15DeepMindfiViR s, HEIB—1 ™ mAlphaGeometry,
MECZEBE—LIMO/ T, Efr EEBRNREERED LME—
IHRFARZRMRCTANE, FAEARERATEE TRIT—T,

75 3E B R

AlphaGeometry,2DeepMind
2024F1RRRT (BR) KL
EIIARSE, 7E30EIMO/LE
WRRAP AR 2518, EITEhEE
FIKF, ABMO 20247 REE
Hr 58T,

fondly /'fa:ndli/ adv.
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I'll be talking more about how these tools are beginning to change
research mathematics which is different from competition mathematics.
Instead of having three hours to solve a problem you take months and
sometimes you don't solve the problem then you have to change the
problem. It is definitely not the same as math competitions although
there's some overlap in skills. It's all very exciting and it's beginning to be
transformative, but on the other hand there's also a sense of continuity.

We've actually been using computers and machines to do mathematics for
a long time and it's just the nature of the way in which we're doing it is
changing but it actually is following on a long tradition of machine
assistance.

HEANESEXETRIEFNANERRAY, INEFLFEL—H
B, TRAM=TINEBE—EE, MEMERLLTA, BRERIMES
H3E, BREHR—TEE, JRBFEFESER—F, REAERELE—
EEE. X—IHERESAME, MAFREREE, B5—7HHE, XEB
EA—MESE ., EXHANMERITENNNGSEREERZELZRAT, R
ERNMERNDNERERN, BXEIERET NS HBNEESR,

03 HREHENTFESR

3:15
So here's a question: How long have we been using machines to do
mathematics? The answer is thousands of years. Here's a machine that
the Romans used to do mathematics. The abacus is one of the early
machines. There are even some earlier ones. That's kind of boring. That's
not a really smart machine. What about computers? How long have we
been using computers to do mathematics? That's about 300-400 years. |
think that's a bit weird because our modern computers — we didn't have
the electronic computers until the 1930s and 1940s. But computers
weren't always electronic. Before that they were mechanical and before
that they were human.

MBABREEKT : BAMERNBHBFZERBASAT? EXE/LTE. XE
T ANRREHFCEN . BEEMERENIGEZ—, EEXS
BEHN, XERLH, BT LREESRENNEE. BRTENRE? B1RT
BMBZEESAT? KBA=ZNEET ., HREXBERTE, EHBA)
MARITEN—EZ 1930, 40 FXABHRFIUEN. ENENHT—
E#ZBFN. EIRZRIZNME, BEIEA.
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ERIUICER: ATEESEHI
HIETR, MEETF =556
]2 RENELE, EXMNER
HELeanB VA RO, #7E
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transformative /trens' fo:rmotrv/
adj.
HRDER, AN

continuity / ka:nto'nu:ati/ n.
HELRME, ELRE

computer—ia B 20tH 22 4R
g Myt ERAL X—ER;
1940F KB FITEN (WENIAC)
HIEE, WX EBRNE L,

abacus /'&bokos/ n.
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3:56
The computer was actually a job profession — someone who computes.
Here is a cluster of computers during World War Il to compute ballistics

and other things. They had a whole cluster of computers who were mostly
girls because the men were fighting the war. With adding machines and it
was basically — there were programmers who basically just told the girls
what to do. The basic unit of computational power at the time was not the
CPU, it was the kilgirl — how much computation you can do with 1,000
girls working like this for one hour.

computer (ITEH) HEXZLZZ—MERW—HITEMA, X2 TEHKHAE
#9—=2&% computer, FRITE®EZEMNRA, MtI11E—KE computer,
RERXZ, EABEAMIELEZ T, wiIBMENTIE, EXxE—F
BFA, N IEEAMESRRXEZIZLMT4. SEITEENNE
AREAIAZ CPU, MaEkKilgir—7miZ 1,000 DR EZIXHE TE—/)\BTEESE

HSHHEE,

kilogirl (FZ&H) 2 &iTEH
PARIER BRI BAL, HAT5E
BRAXM ST E BB
SENSERL, HEAR—ED AERK
PAERLE-HEFA,

ballistics /bo'listiks/ n.

B

cluster /'klastor/ n.
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04 MEXKRZIOEIS: RPHEM

4:40

We've been using computers actually even before that, since the 1700s or
even earlier. The most basic use of computers in those times was to build
tables. You may have heard of the logarithm tables of Napier. If you
wanted to compute sines and cosines and so forth, you used a computer
to generate the tables. When | was still in high school we still in our
curriculum learned how to use these tables that were just being phased

tables today. In mathematical research we rely on tables — we call them
databases now but they're still the same thing. There are many important
results in mathematics that were first discovered through tables. In
number theory one of the most fundamental results is called the prime
number theorem. It tells you roughly how many primes there are up to a
large number X and it was discovered by Legendre and Gauss. They
couldn't prove it but they conjectured it to be true because Gauss and

others they basically had computers — in fact Gauss himself

HIERZRIHAIHEZER computer T, M 1700 FREZERF
&. BBTER computer REAWABEMEIER. RAIEEITRITME/RE
WK, MRMFEBITEIEZ. RZZEMN, MSH computer RAE K IXLE
x. BESTHMER, REEEERBNEARRER, SHENEER
K. HARXRNETITERE, NEXE TITEN. BINSKMAER
T, ERFRRPBINEFHSTHE—UERNECUEIEE, BARREL
AR—EE, HEPERZEENERSVESBIRAIN, FEL
B, REANERZ —WURHTEE., EARERERBI—MEAAEL X
BZONRY, XEHRILENSHAIN, MITZEERE, BEEE
=X, BEASEHMIIEREFER computer——EXL FHEIARA
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B RIBI1ATE R RIGEFR, 1Bk

FRACIR. REEEN(X)=x/In
XLPRF1896FE HHadamard5de
la Vallée Poussinig37iiERH, [8

LEZ IR 1907 F A A .

phased out phr.

WELEK (phase out HHER
=H)

conjectured /kon'dzektford/ v.

B, N (HEAE: BB
#8, conjecture TRMERIE)
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5:41 BSDEREZREMRMAED
Was a bit of a computer — to compute tables of the first million primes BEMR 2—, BR—BAE

75, OEISHINeil SloaneF1964%F
B, PRITARFENF
5, REFREERANKREEZ

and try to find patterns. A couple centuries later, there's another really
important conjecture. The prime number theorem was eventually proven in
1907 or so. But there's another really central problem in number theory
called the Birch and Swinnerton—-Dyer conjecture which | won't talk about
here but it was also first discovered by looking at lots of tables — this time
tables of data about elliptic curves. A table that lots of mathematicians
use now including myself is something called the Online Encyclopedia of
Integer Sequences. Maybe you've encountered it yourself. You may
recognize many integer sequences just from memory like if | tell the
sequence 1, 1, 2, 3, 5, 8, 13 — you know that is the Fibonacci sequence.
The OEIS is a database of hundreds of thousands of sequences like this.

MARE—& computer—HEBAI—BATRENR, AEMNFHE
ME, MELEE, XENT—PEEEENER. RNEEREE1907
FEAWIER. BEIEHEES—TIEEZ OB, WU#Birch]
Swinnerton-Dyerfg#8 (BSDER), BREXEFASEFH, (EERFRY
HEBEIEEAERBRUN—REXTFHEMENEER. IES
BRHERENNRZHZRBERN— PRI BHFIELERER
(OEIS) . tiFfRECthigftid, (RAIEELEICICMEEIALRZ BT
B, tEanEiRE1. 1. 2. 3. 5. 8. 13— (REEIEA LK AL,
OEISFiE— TR T B+ A & IXEFTIREIEE.
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Many times when a mathematician is working on a research problem there
is some natural sequence of numbers associated. Maybe there's a
sequence of spaces depending on n and you compute the dimension or
how many or the cardinality of a set or something. You can compute the

first five or six or 10 of these numbers, put it in, and then compare it to
the OEIS. If you're lucky this sequence has already been put there by
somebody else who discovered it from a completely different source,
coming from studying some other mathematical problem. That really gives
you a big clue that there's a connection between two problems and many
promising productive research projects have come up that way.

REZR, HEREMAREDDEN, #HeERMKEKEIETHT, b
BT (E, RETTEENSELY, SEXTEEGRZPTR. E
HEHZEN, MMAREHAIAT. AT, Bewdx, REH
OEISEMMLER., WRIRE[EF, XTFIIELHBAIAREET, MR
AZNTENERRRLKMEN, KEARS—TEFER, ZXHLa TR
—TMRANER, RAZATEEZBEFERA—RZABEIR. AER
MR IBMEXAFEN,

75 3E B R

OEISHIt/OMNME: P TR
BRI TR T, EERE
TAREMEKR, TEXREE) B
LLEAY 9 & LS SIS EX 2R B LE HLAF

RFER.

cardinality / ka:rdo'nzlati/ n.

(HF) B, SETRNTH
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7:24

Tables are one of the earliest ways we've been using computers. The
most famous when you think of using computers to do mathematics you
think of number crunching. The formal name for this is scientific
computa_t_i_éh_.__\_fafj_nvv_éh_t“tgdo a very big calculation and you just do lots
and lots of arithmetic — you source it out to a computer. We've been
doing that since the 1920s. Maybe the first person to really do scientific
computation was Hendrik Lorentz. He was tasked by the Dutch to figure
out what's going to happen - they wanted to build a really giant dyke and
they wanted to know what happened to the water flow and so th_e_y;_ﬁéd to
model some fluid equations. He used a whole bunch of human computers
actually to work this out. He had to invent floating point arithmetic to do
this. He realized that if you wanted to get a lot ofpeopleto do a lot of
calculations very quickly you should represent lots of numbers of different

magnitudes as floating points.

KBERMMERATENRENA Z2—. REIATENMEE, B30
MEHEITE (number crunching) , ERIEERXBZFRIURIZITE, (REBM
— PN IEERNITE, MRMAERENEA—EEIIELITEN. M
1920 FREHKNAEXAMT . LIFE—TEEHRZTENARTERE
5 &f8% (Hendrik Lorentz) , AI=BUREIEMERBERESRETL—
18R —EIEE ERMNIRN, BAEKREEAZN, PRGN —LE
MABTREE, IR LA T — A ARITER” REMXMLIE, A
W ABARBTIZFREAR, tEIRE, NRFEFILRZAIEBRIEK
S8, MNZETRRERNERTRERE.

=
i
=32
b
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B1E%% (1853—1928) 219024
EIURMIERE T, T=ZT1EE
ETIE (1932F B
AfsluitdijkAiN) SEFTMERR LS
£, MBALRATITEFHRLSIA
E

number crunching phr.

AHEHEITE (O1E, crunch
numbers IR A S EHIE)

dyke /daik/ n.
LR, =38 (TREH(E dike)

floating point arithmetic phr.
FREA (ARZFICHERNER
A EEERAIER)

magnitudes /' meagnotu:dz/ n.

HER; A/ (orders of
magnitude ¥ E%R)
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We now use computers to model all kinds of things. If you're solving lots
of linear equations or partial differential equations or want to do some
combinatorial calculations, you can also solve algebra problems. In
prmmple,many of the geometry questions you see at olympiads can be
solved in principle by scientific computation. There are these algebra
packages that can solve — you can turn any geometry problem say
involving 10 points and some lines and circles into a system of equations
of 20 real variables in some 20 unknowns and just whack it into Sage or
Maple or something.

BNOERITENNSMESHNRARE, NRIREBAELEHE. R
MoAE, AEBM—LAHEITE, RUIUBAKRDE, FEN L, RE
BMLRRETE L EBRNRZ A T ARRIZ T ERE., BAPLR R
B AHEI—RET AUEERI—&ELEE, tEalE k10T mi—LE
%. ENEE, BAE— 18201 XTE. 20D RMNMNAHEH, ABE
1 SageiiMaple 2 ERERIEE

9:06

Unfortunately, once it gets beyond a certain size the complexity becomes
exponential or even double exponential. So until recently it was not really
feasible to just brute force these problems with just standard computer

algebra packages but now with Al assistance maybe it's more promising.

You heard a talk about that this morning. Another type of scientific
computation that has become quite powerful is what are called SAT
solvers — satisfiability solvers. These are meant to solve kind of logic

puzzles.

FENZE, —BEMEBIENRIR, SEREMTZMIEHMREENIEHL,
FIMEZISE, RRERNITENRERRE EERNREX L QR KA
17, (BUMER TANHEE), BFERFET. SKEFMHRIIFTIT—TEX
RS, Z—REBRHBANNFITERFMBRISATKESR—ri#E
MERfERS . ENTEAMREREIZEREN,

=
i
=32
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RO RRER ] PR A4 AR IR %S

ERZmASEE, RiaSage.

MapleZ it BHAEARG—RN
L TAHIE), RRT—RIJiEH
EZRERIREE,

combinatorial / ka:mbona
‘to:rial/ adj.
HEW, AEHFN

whack /wak/ v.
(OiB) BEFNE. &t BEX
B

RETTERONEI: BRI
SIEMEEWIEHILK, SAT
(HREHEN) RE— ML
BIEINPSELE)E (Cook,

1971), RARBLORNERDE E
ENGIp

feasible /'fi:zobl/ adj.
AI{THY, 171588

brute force phr.
#hHE (FENAIE); Ltk
fEshial: EENEE

satisfiability / setis, faro bilati/
n.

(Z%8) FIEEME, SAT BIH
BE

e
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Like if you have 10 statements that are true or false — maybe a thousand
statements that are true or false — and you know that maybe if the third
statement is true and the sixth statement is true then the seventh
statement must be false. If you're given a whole bunch of constraints like
that, a SAT solver will try to take all this information and conclude - can
you prove a certain combination of these sentences or not? There's a
more fancy version of a SAT solver called an SMT solver — satisfiability
modulo theories — where you also have some variables x, y and z and you
assume some laws like maybe there's an addition operation and addition
is commutative and associative. You plug in these laws as well as some

conclusion out of some finite set of hypotheses?

EEARB101BRR, ST FEEMR—BIFE —T 1 XENkr—imA
RAE, WRB=THRNE. EATHRANE, BBAEETHRRDAN
R, MBHR—AHXHENAR, SATRBERSLEEMEXLEEFEEEES
BXk, REF/EEIE—REEDIERX %ﬂ?ﬂ’ﬂ%ﬂﬂéﬁAEJZﬁ_? wE—
EERAISATRARSS, MEHSMTREESS AR MR — R E
MEB—ETEx, v, z, FERIR—LEER, LLWBE—MINEEE, A
WERRNEGR., MEXEERUREM—LESIMHE, REHE
RIKE SMB R —ARIRPHEENEIR?

‘-‘b?f_
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SMT (FIiF B MEIEIR) EM/R
BHEZIMINERX. BAF 2
1, BMAERIIENZOS]

%, Z3ER@BE TATIW
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commutative /ko'mju:totv/ adj.
(B%) RISy, THERIRE
9

associative /o 'soufiatrv/ adj.
(B%) HREEEN

deduce /di'du:s/ v.
EE, S
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06 EEAFHIER=Jt4H: 200TBIERR

10:27
Those are quite powerful but unfortunately they also don't scale well at all.
Again the time complexity to solve them grows exponentially and so once
you get past a thousand or so propositions it becomes really hard for
these solvers to run in any reasonable amount of time. But they can
actually solve some problems. One recent success for example here's a
problem that probably will only ever be solved by computer — this will not
be possible to solve by a human | think unassisted. It considers what was
called the Pythagorean triple problem which was unsolved until this big
computer SAT solver calculation.

XETAEHEA, EFR=NEENNAYT BREHMIFEE, By, K
B EREERMER, FAN—BEBT—FT 1ML, XERFES
MRMEESIEN BAET T, BE(HXERA—LEHE, bNsan—
TRINES: XEF—1EE, RAUEREUHENTBESLE—IAN
AKRERBHENER T2 AERLRN . EERZMMBNSIATAL
=R, ERARMRITBEASATRE ZsI—ERARBFRN,

1:15
The question is: You take the natural numbers and you color them two
colors red or blue. Is it true that no matter how you color the natural
numbers, one of the colors must contain a Pythagorean triple — three
numbers which form the sides of a right triangle like 3, 4, 5? This was not
known to be true. We have no sort of human proof of this. But we have a
computer proof. It is now known that in fact you don't need all the natural
numbers — you just need to go up to 7,824. No matter how many ways
you can color 7,824 into two color classes, one of them will contain a
Pythagorean triple.

ERZ: RENERE, BABERMEEERE. BELRMEAR, 28
—MHEEAREE T ERFHUT = cd—tUMEMRER=AF=
BWRI=48, EEUN3. 4. 57 XPMEICHATHAIERE ML, H1%E
ERIAKAENIER, BRIE—MTENIER. HESLE, HLR
AEERAIMABARN—RBENFT7824M58 7, TIRMAZOHMAR
E7824TM M M T EEE, HP—RNERS— ARSI =4,
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T /RESIA S A = Jo 4 Bl
Heule. Kullmann, Marek+
2016 FISATRF=3fRIR, thA
EMNBRITENS00ZHITITEL
MR5TR .

propositions / pra:ps'zifnz/ n.

(B48) "l

EREICHTR: — KT 2R

BTSSR EEERESRR

ABIRENET7825, X EHIIEFFIEL
ARV R— R 9 ARSI R

DARBIMEEHER.
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Now there's 2 to the 7824 such classes — you can't do it by brute force.
So you have to be somewhat clever. But it is possible. Once you have
7,825, you must have a Pythagorean triple. There was an example of
7,824 where there's no Pythagorean triple in either class. That's provable.
It actually | think it was the world's longest proof ever at the time. | think
now it's the second longest proof. The proof required a few years of
computation and it generated a proof certificate. The actual proof is 200
terabytes long although it's since been compressed to a mere 86
gigabytes.

MIXAFR D AR 2897824/ R A Mf—— IR AR NS . AR FIGE
A—R. EXERUHEIN, —B2 77825, (RMMER—TEASFAER
=Jti, mMXI7824, FHE—THIFERMEPERE AT =TA,
XZAHERK, HICHINERHER ERKAIER, BEREERE K
B9, X MERRFER T /LENITE, AL T —IERRIE, SEFRAIERE
200TBABATK, FAEEHRELFEFHERIXX86GB,

12:39

This is one way in which we can use computers just to do enormous case
analysis. That's sort of a fairly obvious way to use computers. But in
recent years we've begun to use computers in more creative ways. There
are three ways in which computers are being used to do mathematics
which | think are really exciting, particularly when they are combined with
each other and with more classical databases, tables, and symbolic
computation/scientific computation. First of all, we're using machine
learning neural networks to discover new connections and find out ways in
which different types of mathematics are correlated in ways that you

would not see as a human or are unlikely to see as a human.

XERMNATEINHEERTEOMN—MAN., BEZEAITEN—F
LEREMS R, EELEFER, BIFEUEREIEMNAERT
Eil. B=MATBENMEENAGATINNFEELANE, LHEHEN
RitES, FSELENBERER. KRENTSHE/AZETELSSERNI
k., B%, BNEERNGZEIHENEEZRIMANERKR, HETEHFE
DR ZEAEMATAERBKAOMNE, MXEZENARRERR., HER
ArTREERIN,
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200TBHIERA HAY Bl M&RA<IERR
L. ITENMEN HERREIE
AT RRFNZR, X—=
BEEEIRN T THEAIERREE)
RIZ B SR

a mere phr.
Y, XX (RR#BENEIR
A, BHRIN: 86GBINEK)

ERERR N TEMBR1 89
BB =MeNEERA

—HEBREIHBER. KESE
BAMRBE. FULIERFR
i, —ZEEEEMBIROERE,

correlated /'ko:rolertid/ adj.

HEXREXR, BHEXMRN

MEAKEIE - ¥ 156 ;T



7 3E $L K

13:26
Most splashy are the large language models which are in some sense very
large versions of machine learning algorithms, which can take natural
language - like ChatGPT and Claude and so forth — and they can
sometimes generate possible approaches to problems which sometimes
work, sometimes don't. You'll see more examples of this actually in the
talk after mine. There's also another technology which is just becoming
usable by the everyday mathematician which are called formal proof
assistants. These are languages — so you know languages, computer
languages you use to write executable code, programs that do things —
formal proof assistants are ];a_ﬁét;}a_é_e_é_that you write to check things, to
check whether a certain argument is actually true and actually gives you
the conclusion from the data. These have been fairly annoying to use until
very recently and they're becoming now somewhat easier to use and they
are facilitating a lot of interesting math projects that wouldn't have been

possible without these

RIIAZENERNESEE, EMNEEMNEX LRSS EIENBAR
A, AJULIEBAIES—LEAIChatGPT, ClaudeEFE——E B84
RARIR B BE B, BINER, ANTER. BHRZENIIRE

B, MNZBANESXAHENGF. EEZ—THA, EFHREFSILER

HERUELFER, BMELANIEREF. EMNE—EIEE—RA
8, ITENIESERAREIHITNE. SefBEaEFN—mi ik

BBV FRARNERANIES, REEXMCIIREEENMIL. EEEMN
EEMGATERNEIEHLSIE. ERIAXE, EIIRERBAISMA, Mk
ERGHEREFAT, AREERMRSEBNHRZEDE, REXEIREE
FRIRENZAAUETAN, FRENZNEXEHNEM T ERIFHILES
Ak,
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AR F 5 RZIES IR
BX7: BEESHER T
41, EBRIESHR TAEIBLIL
—RFEI B ETIFE.

splashy /'splaefi/ adj.
BERA, SIAEBR, ATKIEEL
=)

executable /1g'zekjotobl/ adj.

AIH4THY (executable code B]
HATHAS)

facilitating /fo'silatertm/ v.

&Rk, {E{EF] (facilitate)
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07 MBaFEESFZENEE

14:32

Proof assistants. They will combine very well in the future with the other
tools | described here. So | want to talk about these more modern ways to
use machines and computers to do mathematics. | think I'll start with
proof assistants. The first really computer—assisted proof maybe in history
was the proof of the Four Color Theorem — every planar map can be
colored using only four colors. That was proven in 1976. This was before
proof assistants — it wouldn't really be called a computer proof nowadays.
It was a proof which was a massive computation, like half of which was
done by computer and half of which was done by humans.

FRAFA X LB IR, BISFITENERZNT N, BTN
IEBRBNF . ML EE—THERX LRI EAHENERE, hiFrEleE
EERMIER—SKTEtE R RIS HMEEE. BEE1976FHIE
BREY, FBETERB IR F—RS REMRETCEIER Lt AR,
BE—TESKREITERIERE, AE—FHITENM, —FHATTH.

15:18
The way they proved the Four Color Theorem is that you basically induct

on the number of countries. You show that if you have a massive map,
there's some subgraph of countries — there was a produced list of about
1,000-2,000 special subgraphs — and every big graph of countries had to
contain in some sense one of these subgraphs. That was one thing they
had to check. Then they had to check that every time you had a subgraph
you could replace that subgraph with something simpler and if you could
four—color the simpler thing you could color the main thing.

i BERRPI BTN G X, EARLENERNWBEEIAWN, REILR, 0
RIFB—KBRARME, HEPORAFERTERMWEFE—I5H
TRL1000F12000 M54 F Bl— R ANE KB O AEEMEX LS
SEHFA—TE, ZRMNFERILIN—4S., RAEMIIESRIE: 85
HIENFERN, REFTICEBRMERRNARA, MNRERBHE
REPURE, [RFERIEHEE,

75 3E B R

P& E 2 HAppel5HakenT1976
FiEA, BRHELEE—PFEK
FITENNEATE, S5k
DX EHEAERE,) NESES

Lo

planar /'plemoar/ adj.

FER (planar map FEHE/
EEE)

IR BENEN TR/ RFI+)3
4, SE5H—BREE G A
2, B THEZBTAtAE
INIERZ, MIAREFES/NRE,

induct /in'dakt/ v.

(#1=2) fEYA%M; induct on n
33 n YEVAMNE
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They had to check these properties — | think they're called dischargeability
and reducibility — for each of these 10,000 or so subgraphs. | think one of
these tasks they could do by computer although this was an early
computer — | think they had to enter in each graph by hand into this one
program and check it. The other task was actually done by a human
computer — one of the daughters of one of the authors actually had to
spend hours and hours just manually checking this reducibility thing. It
was very tedious.

IS IX—H N A F BRI EE M i ——HACS UM RIIE
7RI FEER—IESMIRT BT ENRE, TIIREFE
B BEN—HICHENESESTEF ITAARIBMEFEBHRE. 5
—UES LR ERA—A“ARITE R TR —HAR—EENRILF
BSAELIVNNI LN, BREFTEZIXTANME, EBETEE.

16:21
The process was not perfect — there were lots of little mistakes and they
had to update the table. So it was not by modern standards a computer
proof or computer—verifiable proof. That only came much later in the '90s
where there was a simpler proof using a mere 700 or so graphs. But now
all the things that need to be checked - there was a very precise well-
defined list of properties and you could write code in your favorite
computer language, C or Python or something, and you can check it in a
couple pages and a couple hundred lines of code in a few minutes with a
modern computer.

RTERANTE—UER TRZNEIR, IS AEERRE. AR
MAHRE, EEAN LITEA LRI EN IR, BEZRAMUE
ROQOFEMZ M, HITHIT — P E-BRIER, RAT700M AN
B. M, FIBRERILINAE—EE 7 —DIFEHEN. EXRmHN
HRER, MAUAIREMITENIES SR, LECHPythonZ X,
RILTTE. NVETREE, ERATEN L/ LD A EERIEST,
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A SRV T : 197658 Mt
BHIER B—+EATRE
—REZ—NLZILFIZIE
WMHA . ADTHIEFRER
ERTERE.

tedious /'ti:dios/ adj.
TURZIRRY, MIEEBIR

1997% Robertson. Sanders.
Seymour. Thomas#iH{X633
MAREIERR, KiERER/ LB
T BT 1)-570353
T, THRITEEMIZNE,

MIAKEIE - ¥ 18 ;L



7 3E bi R B & IFRIKANIZE - ASK THE BEST MINDS

16:59

To actually check that is completely — to write a proof that goes all the
way down to the axioms of mathematics — that was done in 2005 using a
proof assistant Ia_r{g-;_dé-g"e called Cog. | think it's now renamed to Rooster.
That was one of the first proofs and you see there's a huge gap between
sort of when the proof first appeared and then when we actually could
completely verify it by computer. Another famous example is the Kepler
conjecture for sphere packing. This is a really old conjecture — Kepler
from the 17th century. It's very easy to state: You take a whole bunch of
unit spheres and you want to cover three-dimensional space as efficiently

as possible.

MEREEXHSMEIIE—F 5 —T— B eI A BRI —
ABRE2005F Ary, ANE—MIUCoqrVIEBRBNFIES . HICHEIE
B&0URocq (“A%”) T, BEREEENLPTXEIERZ—, REEE, M
IERRRAEI, BIBMNBEERTENTRERILE, FERE T RA—REN
B, Z—1TERNOFREXTHERNASHER. Z2—TIFELTEN
BR—AEHR7THLHA, EEETZNR: (REN—AHERAIK, 8
R AT RE SRR = 4= (8],

17:41

There's sort of an obvious way to try to pack spheres - it's a triangular
packing. Like the way you pack oranges at a grocery store. There's also a
dual packing called the cubic packing which has the same density. There's
;él_énsity of about 74% which is the obvious packing and the question is —
is that the best possible? This turns out to be a surprisingly hard problem.
In two dimensions, the hexagonal packing is not too hard to show it's the
best. Only very recently“i_n“é_éﬁa_é4 dimensions do we know the answer —
great work of Viazovska, maybe she talked about it yesterday. But three

was the only other case that we know except for one which is trivial.

AE—MREARMERS N —=AFHR. MEREEELE NS,
BB —MPSHBAHEIRIUII SR, BEE ., BEALNZE74%, XM
R TERNMEE, BEE—ERTERMN? BLIERAXE—THF
BRIt RMERE, %P, NORAERAKHEILRERMN. BRI
I, BT AESHEM24BNER—HIARETF (Viazovska) BIZRH
TP, BIFiERIAEXD, BT FAN—%H2Z5, —HEHNMES
R ME—S B,

75 3E B R

Coqift £ F1989FAYEEINRIA,
2024FE BRocq, GonthierF

2005FECogf et IUE
T, S5HEIBAERKIE30FE—

MBHE 285,

axioms /'&ksiomz/ n.

NI

Viazovska 2016 FER AR RS
HIRMRR (EBIR), MESEEE
fRR24%4 (Leechi®), 20224

RIFRGE, BE LB

Ed:NkegN

dual /'du:ol/ ad.
(B%) B, WER

hexagonal /hek'sagonl/ adj.

TNIBTRY, TNERY
trivial /'trivial/ adj.

(81%) TRy, ER8; BE
SRR
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18:23

Surprisingly difficult to prove. Again there was no completely human-
readable proof of this conjecture. There is a strategy — so of course the
problem is that there are infinitely many of these spheres and the density
is an asymptotic thing so it's not a priori a finite problem that you can just
throwna_{_é“c_:ar%_p;uter. But you can“t_t:;;_ia_reduce it to a finite problem.
There's a strategy proposed by Toth in the 50s. Every time you have a
packing, it subdivides space into these polyhedra called Voronoi regions.
The Voronoi polytope of a sphere is jus'_c_é_lrt_k-\_e“p_)_oints which are closer to
the center of that sphere than to all the other spheres. So you can sort of
split up space into all these polytopes and these polytopes have certain
volumes. You can also count their faces and the surface areas and so

forth and so they all have these statistics.

IERREE R M AR I, B, XTIBENRETTEHALAIZAIE
. A—ERE—IA, RNEETXERERFZT, MEEE—TH
IR, FINEARTR— A UERNAITENNAREE, EIRA]
MISEEERITR—ERE, 50FAES (Toth) RET—EREK.
BHRE—THER, EMEZEDEIR—LESHEEF, UfVoronoiXig, —
NEKEIVoronoi ZREFZ, WEFRA BIZIKIKO\ L B EAERI KK OEE LR
REES . AMRAIBIEZ )5 B E SR, MXESREZE S/
AR, MERTMBENNE. ERERES, TERENHBEXERITE,

75 3E B R

BB EXEE: TSR
E8)&— EERVoronoi IR A IR
Zita)ER, Fejes TothF19504F
RIRLLLERRE, HMSITENIE
S 55T,

asymptotic / &simp 'ta:tik/ adj.
(88%) HiEay

a priori / e1 prar'o:rar/ phr.
Fohtth, BHEEX (WT1E, ¥
AEEER)

polyhedra / pa:li‘hi:dra/ n.
ZER (polyhedron KIE%Y)
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The volumes - like the packing density is very closely related to sort of
the average volume of these regions. So if you can say something about
kind of how these volumes of these polytopes behave on average, then
you could get at least maybe some upper bound onto how efficient these
packings can be. You can try to make relations between these polytopes —
like if one polytope is very big maybe it forces the nearby ones to be very
small and so maybe you can try to find some inequalities connecting the
volume of one polytope to another. So maybe you should just collect lots
and lots of these inequalities and then do some linear programming or

/4 18 which is the right density from all these inequalities.

XEERFR— AR E XL XA FIRFRELIRR . FRCAZIRIRAER
BREXESETENARTEIMS 2 EARIN, BREMITRESEIHER
MENED L5, RS EXE SR 2 B2 X 2 —IbmR—
TERERAR, WIFEMBENHINBLEESR), TRELIFRAIMNAE
HH—EE— P SREAERM S — T ERRERNAEFN, AT IRN
ZEAREAREXFNAFN, REMEMLEINLZENIZE, FERE
METERLEARERXPHEIDERIR, BREn/V/ 18X TSI, 3B
7T RIEMBNEE,

20:12

People tried this. There were many attempts — some even claimed
success. But none have been accepted as actual proofs.

BARERFRE, AERZREW
WIEZ W EIEAIERR,

BEAEEZEMMINT . BEIRA

=
i
=32
b
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/4 18=0.7405BNE/NL /5 HEFR
WEBE. REAREWE—TEL%
MARFX LM —E L
[EREFERL LR, NEX 15
DEREL NREEETAZE.

upper bound phr.
(#%) LR

linear programming phr.

LML (BEZMHTIE)

derive /di'rarv/ v.

BEY, S (derive A from
B)

REBHNFUCRERFERIH X
1990 EFRANIER, EATT
BRI F FRIEZE—IXIE
EHales/ER O ERZ UL EIA

de=
[EE=%3
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20:23
The problem was eventually solved first by Thomas Hales and his co-
authors. He did basically the same strategy but with lots of technical
tweaks. He changed the cells from Voronoi cells to slightly more fancy
cells. Instead of taking the volume he invented this called the score that
he assigned to each of these — it's a volume plus or minus lots of little ad
hoc adjustments. But again with the aim of trying to create all these linear

inequalities between these different scores and to eventually get upper
bounds of the density and to hopefully hit exactly the optimal density.

XN RAE SHIE ST B/RET (Thomas Hales) MRS EERR
R, EREANEEHRE, REMTAERAENER., HERE
MVoronoifER=#REY T M E 2 — R BIMREE, M ARMEIR, mERBT—1T
MBI S D", WAS—TRE—ERERI LAEARE G /)
fZ1IE. EEREE—HE: WEEXERRNGD 2 BEIEMEXES
MAEFN, REARIEZEENLR, ARBEFTRNEE.

21:08
It's a very flexible method — actually it's too flexible because there are too
many things you can try. There are so many ways you can set up the
score and so forth. So there's a quote here: "Sam Ferguson realized that
every time he encountered problems in trying to minimize his functional

and so forth he could just change the score and try it again." But then all
the things that they checked already they had to redo. And so the scoring
function became more and more complicated. You know they worked on
this for almost a decade | think. It became more and more complicated
but each change we cut months through years from my work. This
incessant fiddling was unpopular with our colleagues.

RR—MIEERENAE—HIRARET, BARESHNAARS
T, RESONARIELRS., AIAXBEE—E&SIX: “TFiB- HBI8HK
(Sam Ferguson) RiRZE|, SHMEREBER/NEAENZRESZNEE 0
R, MREL—TRIRBBEERMITT S ERXE—R, WIIELKIE
B RANFSEM. TRES RMTH/ERHE R, (RAE, MmI7E
XEEFTEARSTEIE, ERHHRBESR, B8R AENT
EEA T TILBEIJLEMRTE, XFR5EERTHREBRERBITHRAS
pySUIR
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Hales5 %4 FergusonF 19984
SR, 891 REFRRLE
MARBETRNHEEZ, ZEHE
—BANEX—RERENE
thERE.

tweaks /twi:ks/ n.
A, eash (ah1E tweak 7R
=)

ad hoc / &d 'ha:k/ adj.
IRESTHEER, P45 E BBImIRAY
(RIT1E)

5| Xt BHalesHIPABIEIZ: 1§50
BRERTABBE 2R, {BEIRIXhER
EEMERIENBD. TARIE]
B 75 BT IR AT A IR ERSG
it

functional /' fagkfonl/ n.
(#rz) 2R EELER
8, TEfEE TThee A

incessant /in'sesnt/ adj.
TEMTRY, &R T (Za
X)

fiddling /'fidly/ n.

REIZF, /JMEIEL (Addle
with BEE%35)
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Every time | presented my work in progress at a conference | was
minimizing a different function. Even worse the function was mildly
incompatible with what | did in earlier papers and this required going back
andpatchlng the earlier papers. But eventually they did it. In 1998 they
announced that they had finally found a score which obeyed a whole
bunch of linear inequalities in 150 variables which they did minimize and
got their thing. Initially they did not plan to make this a computer—assisted
proof but as the project became more and more complicated it was
inevitable they had to use more and more computers.

BRBEIWENBRNHE, FHR/IVEHBE—TRERE, EFEHN
2, XTRBHNBAERFEXEMNRALHENARS, XMBELES
BRMSSETHT . BfMRLEEMET . 1998F 1S, KTHE
T—TRORE, ERE—RHER50TMTENLEMEREFNX, tTEER/)
ft, BEITRENER, —THathHEITEECHBR— 1T ENHEE
HOIERR, (BREETEENEE R, S SR BRI T B,

22:23

The proof was enormous by the standards of 1998. It was 250 pages of
notes and three gigabytes of computer programs and data. It actually had
a very tough time getting refereed. It got sent to the top journal Annals of
Mathematics and it took fb_ffr_il_éé_r_s to referee with a panel of 12 referees.
At the end they said they were 99% certain of the correctness of the
proof but they could not certify the correctness of the computer
calculations. They did a v_é_r-;;-ij_ﬁusual thing actually — they published the
paper with a little caveat from the editors saying this. They have since
removed that cavéé_t_é_(_:_thally. At the time there was a lot more
controversy as to whether a computer—assisted proof qualified as an

actual proof. Now | think we are much more comfortable with it.

BI998FERIMEER, X MIEAEEARN. EF260TIMEID, FMI=GBHY
TENEFTHE., ENERIRENIEERE. SHERIREIMAHERT (=
FH) (Annals of Mathematics), & 7 PUE, s T120HEiH AHRAE
B, REMINE, MIIXERNEREEI9%MIEE, BRAMETE
Mt B D MERM, MR EMT —HIEERITENS—AMIILR
TIXEIEX, BREMT —/NEXHFNRRITE, ERMNIEIBERIFAR
BT, T, xFIEHEENIIEEAREEIEIERE, FINEAS
Z, NERBRNEEB8ESZT,
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IRRMNESEER: 8R2K
WRERIMENRBERE, TE
EXLEIRIEITHT . THEAA
RENMATZMFCIRITH, T2
WEREEHRA,

incompatible / mkom'patabl/
adj.
NEDH, EHALRY

(incompatible with)

inevitable /m'evitobl/ adj.
A BERAY, DRI

(BZEN) 2ATERIE, &0
2 99%MEETEINETEED
D1 — AKERHEEETEN
IEBRERTARZUARAR, XERUML
BHNEERS AR,

refereed / refo'ri:d/ v.

His (referee FAREBA/E
f&, 3E MEHL X)

caveat /'kevi &t/ n.
EREE, MEINRRFIFEMG (FKR
552 ERE)

controversy /'ka:ntrav3:rsi/ n.

I, 1B

certify /'s3:rtofar/ v.
JANIE, EBAESE
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But even after it was published there was doubt about whether it was
really a proof. So this was maybe the first major high—profile problem
where there was really a big incentive to really formalize this completely
all the way down to first principles in a formal proof language. So Hales in
fact created a Iangué_é_em—-_\;\;é_llné-;ﬁodiﬁcation of existing languages to do
this. He called it the Flyspeck project. He estimated it would take 20 years
to formalize his proof but actually with the help of 21 collaborators he

actually finished in a mere 12 years. It finally appeared in 2014.

BEMEERRZE, MUNARRERAEENE IR, AMAXBIT
BE—ITEAN., SXEENEE, IEAMNBERSBRINMNEIEEYR
eaft, —BEMRIE—MFRE, BREANIERESEER. TE2B R
ZfFEEIE T —MEE—IB, BEXNERIESM 7 UERMXHGE., M
XA B R AFlyspeckiiB , &I AU HERVIEBRFRE205F, {BLFrL
EMUSIEEREBT, tRAT1I2FEMTEM T . ERZE2014F ),

08 LeanfiexX1t,: MAMScholzeZIPFR

24:00
So we now have sort of complete confidence in this particular result but it
was quite a painful thing to do. Moving now to the last few years — we've
now figured out sort of a better workflow for how to formalize. It's still
tedious but it is getting better. Peter Scholze, who is a very prominent
young mathematician — Fields Medalist for instance — he's famous for
many things but he created this amazingly promising area of mathematics.
It's called condensed mathematics. It deploys the power of algebra,
category t_h_é-c;_r_y"é_r;a-all the tools from algebra to apply to functional
analysis — the theory of function spaces like Banach spaces and so forth

which in analysis has really been resistant to the methods of algebra.

FIREMEIEN X MIEERE TRENELD, BMXHENIEESRE
=, BRREX I EF—B(IIEERZLE T —ETFNER L IER
2. BIMARMLE, BIEEEMF. #5 8F/R% (Peter Scholze), —{iudF
EARENFRHYER iR IEREREET—HEANRZEZHEM
BE, EBthFelT —MRERIRNARZIE., IUMERSHZE
(condensed mathematics) ., EREMCEL. SERFEUARKEFRNEM T
BNHE, REEZROT—RBZENIEL, LUEE/H=EESE,
MmaofmEPXERA—BRIERBAE.,
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FlyspeckIfIE 2003425, 2014
FEFEHOL Light5lsabelled58
B, 21AZ5. #1246, tb
HalesTRfh920FE5E ., THEIE,
BIRAEE— R AR =1,

high—profile / har 'prowfail/ adj.
BZREEN, SXTEN

first principles phr.
F—HRE, KEARE

(from first principles M3k
i)

ScholzeAF19874, 245 {EK
BERSHIE, 2018EKIERLL
2, BREF 5 Clausen&EiR
4, BB IREERTZ
ROTERE MERE W
75,

prominent /'pra:monant/ adj.

ANER, FREHE

condensed /kon'denst/ adj.
BT LA AARIE
condensed mathematics (%

REF)
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24:51
But this area of mathematics in principle could allow one to solve
questions in at least functional analysis — certain types of questions —
with algebraic methods. So he set up this whole category of these things
called condensed abelian groups and condensed vector spaces. | won't
take long to explain what condensed means. His thesis is that all our
categories of function spaces that we learn in our graduate classes are
incorrect or they're not the natural ones — there are ones with better
properties.

ERXNHEIEREN LRI MIEARBRBGESRREDZZROTHIE
Lo —RLERBRERE, AIUMEITTEX—RETH, MR
RRREETE, HASENERERR 2R, tHHERE,
BNERREREZEFZNFAERAZ ECHAZATH, HERENT
2 BARNIB— T —FE MR EFAITEE,

25:27 BIERN DRIRSKEEE
So he set up this theory but there was this one very important vanishing (202012 B ScholzeE EE A
theorem which he needed to prove. | stated it here but I'm not going to Bk - EFEAAL
. RENGER1BERVIER, ERFER
explain what any of these words mean or symbols mean. But there was a
HEBNENNR.

very technical vanishing of a certain category theoretic group he needed

to compute. Without this the whole theory doesn't have any interesting lingering / lmgormy/ ad.

consequences. This was sort of the foundation of this theory. So he wrote EYRAN, RRRRG
a blog post about this result. He said he spent a whole year getting (lingering doubts 42t khY
obsessed with the proof of this theorem, going almost crazy over it. In the 5EIS)

end we were able to get an argument put down on paper but no one has
dared to look at the details of this so | still have lingering doubts.

TRMBILEXRIRE, B —TIFEERNHREEZ L IUERN,
HEEEAEXET, BERAMTEERXLEEHNEEMHAER. B2, ft
BETEEDTTEHEEX LR, AEREN—TIFERARENERSE
R, REART, BEELCMRAROERRNHLE, SEEXEEIRHM
E, TEMMZNMERE T —REEXE. ittt 7 BE—FmiTX
PNEERIER, NFAERE. REHRNSEE—TICIEET HREER
L£7, EREAREZHEEPNET, FIUKOENABEZ AL
&

J5 3E B R MRFEIE - B 25 T



7 3E $L K

26:16

"With this theorem the hope that this condensed formalism can be
fruitfully applied to functional analysis stands or falls. This theorem is of

He said he was happy to see many study groups on condensed
mathematics throughout the world but they all stopped short of the proof
of this theorem. "This proof is not much fun." So he says "This may be my
most important result to date — better be sure it's correct.” So he was
also very incentivized to formalize this theorem now in a more modern

proof assistant language called Lean.

BTRTER, "R XEFVERESHER RN RRZ R

£, FIRMAEL—%, ITEEEEME LMEEE, FINE99.9%89E
BB, iR REXEI RSB RSMRARAZNTICY,

B TX T ERAIER, X MERANFER,” AR “XA
BEEHI BN EREENER —RIFREAEEXNH. RN IEER
7, BER—MENRRIEREFIES Lean EXTEEF L,

26:48

Lean is a language that has been developed quite a lot in recent years. It
comes with a crowdsourced effort to develop this massive math library.
Rather than derlvmgeverythlng from the axioms of mathematics which
becomes very tedious the more advanced you go — and this type of
mathematics is very advanced - this central math library in Lean has
already proved lots of intermediate results like the type of things you
would see in say undergraduate math courses like calculus or basic
theorems of group theory or topology and so forth.

Lean BEFREKRTRZN—INES. EXCHBEE-TREIIE, FiiE
BRTBEANMFEE, SEEMEAAHESER—MEELELER, #
EERGEMBEER—MXRAPZEIFESRN—Lean EAIX M
DHFEEZIRATRZSAEER, MERETHEAREESERHF
KRM, LEAMARSD, RERIL. IMENEREESE,

=
i
=32
b

B RFHLAEIER - ASK THE BEST MINDS

r99.9%HIEER N5/ —
EABEERKEEEX—TE
BE, abERFR RS
F: WIHRANS ERER S
FRIELE,

stands or falls phr.

M ZET (sth stands or falls
with/on X: XBEMIES, X
8)

utmost /' atmouwst/ adj.

RER, RABREN (of the

utmost importance ZXxEBE)

incentivized /in'sentovaizd/ v.

HEED, BRI
(incentivize 45%#5h)

LeanHHERIAR BRAILeonardo

de MouraT2013FEIEE; HitX
EEmathlibERERE AR B4, E
BEAT, BEAREBOHAR
HIKERIEE,

crowdsourced /'krawsdso:rst/

adj.
REH, HBARDIETTHA

MERRER - 8B 26 |



7 3E bi R B & IFRIKANIZE - ASK THE BEST MINDS

27:22
These have already been formalized and so you have a standing base -
you're not starting from the axioms, you're starting from roughly a
graduate level math education. Still a big gap to where you need to go but
it helps. But in order to formalize this they had to add many extra things.
The math library was not complete - it's still not complete. There's lots of
areas of mathematics like homological algebra, sheaf theory, topos theory
that needed to be added to the library. But in a mere 18 months they were
able to formalize this theorem.

REMERZLAMNT T, FRUMRE—TIBNER—RREMNAEFT
A, MEABMAREKFNEZHET . BRFEIANMHERR
REE, BXHITHER, EANTEXTEML, WINAITERSE
R, BEEISNHTTBE—IEDATTE. ARSHZME, Lt
ARENIEAE. Bie. BINEIEE, MFBRMEXTEE, ERNAET 18 T
R, tMEXTEREAMLT .,

27:58
The proof was basically correct. There were some minor technical issues
but nothing really major was discovered. They found some nice
simplifications. There were some technical steps that were just too hard
to formalize and so they were forced to find some shortcuts. But actually
the value of this project was more indirect. Firstly, they greatly added to
Lean's math library. So now this math library can handle lots of abstract
algebra to a much greater extent than it could before. But also there were
other supporting software that got set up that future formalization
projects have started using, including some that | did.

XMERES LZERN. B—2)\BRAREE, B2FKNEEEARN
B, MTEHET —ERHENE L. B —ERARSREAELER L
T, FRBMBIA S A SR —EERR, EEXXTHENNEESZEE
. Bk, MAMRAKMYT 8T Lean MEIFEE, FIMIIERMIFELE
MRAERVEALELARIES S . (BRINTEER T —EHNEER Y,
EROFEAHTEERFIRAEN], Pt a8midn—LmE,

75 3E B R

MRk & LI FHJohan Commelin
ZEANEE, V81 ATHIZLE
B, mRTFFER—t
BiLE R AR EVIIERRBN
FHTAM,

RERNEL: FANREEN
EXR#EIR, RAMERTZE M8
Foand TREEE, TUEL
A, EMigiEEFRNZER
BRER,
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28:36
For example, one tool that was set up in the course of this project was
what's called a blueprint. Taking a huge 50 page proof and trying to

directly formaliz-é"i{_i_é"r_éally painful. You have to keep the whole proof in
your head. But what we've realized is the right workflow is that you take a
big proof and you first write what's called a blueprint which sort of breaks
up this proof into like hundreds of tiny little steps. Each step you can

formalize separately and then you just put them all together.

tedn, X TmMEdRPEEN—TTRUM“ER" (blueprint), E—1
50 I KNIEBER AN ZENRES . (MSIEE MERERERMF
g, 15§£{I‘],’§L\:U ERONTIERERS: RER—TKILR, K50
B EET, EXMERFR/ILE RIS E., 8TSRIRAIUD AR
A M, ,H\FHE EAHERMITT .

29:08

So you try to break up a huge argument into lots of little pieces. You write
that first and then different people in your team can formalize different
parts of different steps of your argument. So they also as a byproduct of
this formalization also produced this very nice blueprint. ThlSlsprobany
the - if you actually want to read the proof as a human - the blueprint is
probably the best place to go to now. Another spin—off of this — so there's
now also this formal proof which is tens of thousands of lines long but

now there are efforts to try to convert that back to a human readable
proof.

FRBMRZEISAIE— N RAMICIERRRZ /MR, (REEXTELR, AfE
REBAEBARRA A KERZ X AARICIER AR S RNAREEB D . FrATE
R MREIF @, RS T —MIFEERNER, IAEME
—ANRIRENEUAANAREZ X MER—RRX P EE A 2N TR
FHEL., IEBNSZ—MITERRE—INER TR TR, E
BENHETR, BIAERAESHIEEBEREAKLIENIER,

75 3E B R

blueprint T B HAEZZ R
Patrick MassotFF/&: #EAXIERA
R REIR A0/ 5 [ BRI 2%
2 AHTING— IS TEHE
JEBRRY TR DRl

blueprint /'blu:prmt/ n.
HEE, FMPL; b Lean
X ERIAR

EENEEE: ASHIER-F

X HE-BEMNERFIRERNAZE

AEERR, AT ERR, M
BT ARAZ S B R EIR T

byproduct /'bar pra:dakt/ n.
Bl m, MFERR
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29:42
So another thing that's been developed is that there are now tools — you
can take a proof that's been written in say this language Lean - like
here's an example where there's a proof written of a topological problem
and they converted it back to a human readable proof. So all this text here
is a proof that is computer generated from a formal proof. It looks like a
human proof. It uses the same sort of math language but it's much more
interactive. You can click on any location — | can't do it because it's a
static PDF — but you can click on any location here and it will tell you
wherever you are what the hypothesis is, what you're trying to prove, what
the variables are. If there's a step that is too short you can expand it and
it will explain where it came from and you can go all the way down to the
axioms if you want.

IS — R R EROERAE: WERTRE T —IRAINE—7AL
Lean X[ NIES SMIER—LEAIXERMGIF, B—TIHFNIAIERR,
i HEEREIRE 7 AKFIEAIER, MUOXENMEXTF, #HEEFIL
IEBR B RV ERAVIERR ., EEERMEASTHILR, ERANERFNHFIE
=, BXEMREFS., MAIMNKREEI—MIE—RIREBRAR, BN
XEFHSH POF— BRI MRXBENEEIE, ESEIFIREMATLHN
7, RIREMHA. MEERTA. BERMT4A. MRE—SHREKIR,
REIDEERTT, Eo@RX—5 2 MR, mEIREEAER —I
EHEINE,
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30:23

| think this is great. | think in the future textbooks will be written in this
interactive style. You formalize them first and then you can have much
more interactive textbooks than currently. Inspired by this, | myself started
a project to formalize — so | recently last year | solved a problem in
combinatorics with several people including Tim Gowers who's here in the
audience. It's a problem in combinatorics - it's not super important what
the problem is. There's a subset of Z mod 2 to the n, like what's called the
Hamming cube, and it obeys a property called small doubling. Then there's
a certain limit to how big it can be. But it doesn't really matter what the

statement is.

BREXIFEERE, HWANERERBEZUIMRENNERE ., RITE
e, REIRMERGLEMEREMEESSNARB, RILEXR,
BECHFE T — TR IE—H&L, =F, MF/ITA—ERR
T—MARHFEE, EPEE Tim Gowers, fFiEA FTHFRE, X
= THSHFRE—ARENHAREBAFREE, HZmod 2 89 n
RBEN—TFE&E, MEMmMBRNIBIIAE, Eile— T IEE" A%
. BLERBSAKMEFEREDT LR, FEXTHFRREFZE (AR

B

31:09
We proved it. The proof is about 33 pages. We formalized it in relatively
record time — actually probably still the fastest formalized actual research
paper. In 3 weeks, in a group project of about 20 people using all this
blueprint machinery that had been developed in Scholze's project. It
makes thé“t_z;\é_lzaf_éroving things much more open and collaborative. You
get all these nice visualizations. As | said, the first thing you do is that you

take your big theorem and you break it up into lots of little pieces.

BATER T E. EBAAL 33 T, HANUBNEILRIBREILERAMAT
— LR EAENARE A —REZIMRIEXHKRN—IX, AT 3 A&,
—PARN20 ANEAIE, ARER Scholze TIEEF R ERNXEER
ELE. BEiLERXHEESTRANMESS. (REEFEIZSMESA
M. MEHIR, REMBE —HEEERORERFRRZ IR,

75 3E B R
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PFRENZ 1Nz Freiman—Ruzsa’s
18, INMA S JUHAZ DR,
2023%F11HHGowers, Green,
Manners. FEEFIYARRR,
GowersZ1998FJERGLRIBE,

combinatorics / ka:mbons
‘torriks/ n.

AEWF, A5

33TTHIARIL LB NHLI20 A
SRR, BlHRER—X
tEFlyspeckiy124E, +EETIER
HEHSHRE—B T,

machinery /ma’fi:nari/ n.

() —BENS. DEER;
RXNERRE
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31:50 RHERLR/ B/ A =8ISR
The theorem that we have is we call it PFR — won't explain why. That BESEWR: BRI NEEE
corresponds to this little bubble at the bottom of this graph here and then MR K9 IAE, BHRAL 5

we introduce all these other statements. The proof of PFR has to depend B TREERL KR .

on several other previous statements. These ones depend on previous
statements as well. So there's this dependency graph and they have
different colors depending on whether you've formalized them or not. A
green bubble is a statement that you've already formally proven in your
language. A blue bubble is one that hasn't yet been formalized but it's
ready to be formalized - like all the definitions are in place, someone
needs to actually go ahead and do it. A white bubble — even the statement
hasn't been formalized yet, someone has to write in the statement.

HMOXNERE, FHANUE PFR—MABRAMTAT .. EXNNIXKER
BRI NN, REBAISINT A XLEEMMAE, PFR BIEBRAT
RETRIERF L e, XL e S ARH T ERIEAYa L. FTIXFA
TXERIKERRE, ENETRNEE, BRTHREREEElIFZL.
ZEVERTZTHAMBELEX NESERAMMIURT . BeSERT
RSB, BERFNUEF T —MEEXHIMUT, REFEEA
BENEDFH. ARSE—EaBASHTAMN, SEAKERR
5#E.
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32:32

So you get this tree of tasks. The beauty of this project is that you can
get all these people to collaborate on these different pieces of this graph
independently. Every little bubble corresponds to some statement and you
don't need to understand the whole proof in order to just work on your
little piece. This was a problem in combinatorics but the people who
contributed — there were people from probability, there were people who
were not even mathematicians, they were computer programmers but they
were just very good at sort of doing these little mini puzzle type things.
Everyone just sort of picked one bubble that they think they could do and
they did it. In three weeks we did the whole thing. It was a really exciting
project.

TRIFMEE T XEFE—RESN . TTMENEY ZLET, (RAIMILAR
BRXEAEXKENAEEH LHE, MARSBEMIINM. 8N IE
MY NED e, (RAREEFEEMER, MEMEESh—IMR, X2
—TMHSHFEE, BS5TMNAR—RREERN, BHRATZEN
FROA, IZREFR, EEMNFEBSERMXMIERNNERTE, ST
AFH—TEHORSRMNSE, RAEMEEMERT . ZBARNMIER
HEMET . XEZ— T AXENTE,

33:21 ISR BRI ERI AR RN
In mathematics we don't normally collaborate with this many people. 2EE, MlLeanfmiFsRIEEEI
Maybe five people is the most I've normally seen because when you B — MRERIMIE

R EREEAKRMEINER R

collaborate on a big project you have to trust that everyone's math is S -
FIEE, BUFFRIREED,

correct and past a certain size this is just not feasible. But with a project
like this the Lean compiler automatically checks — you cannot upload compiler /kem'palor/ 1.
anything that doesn't compile, it will get rejected. So you can collaborate YR

TFag
with people that you never met before. | met a lot of people actually —

wrote a lot of letters of recommendation actually coming out of this
project.

EHFERNBEAZZAZA—EEE., BRTFRNITHSABATA,

FASMRE—TAIEB LSEN, ROFEESTANGZEEHRENHN, B
H—ENEXRARAITT . BEXFNTEE, Lean fiFss=HiE
E—EEARTEQURETBINGRA, EoWRERE, ARRTIMAE
REENAGTE, BEZFELINRTREA—FTIE FHREES T4
DIEFE.
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33:59 Migs8) Rx8E: IR TIER
This is an example — like this is one little piece of the proof. This is what a TR TERBIZEMIN 5 T
proof looks like in Lean. It's not exactly — | mean if you know the language FIERRRIASIRAE | PITRIEE,
it's human readable but it looks a little bit unusual. It really sort of qu@gﬁ%&ﬁmagﬁm;,ﬁ
decouples the task of proving things into many different sort of disjoint o
skills. You can have some people who see the big picture and organlze decouples /di: kaplz/ v.
things into little pieces and then you have people who don't necessarily AR5, 55 (decouple A
know all the mathematics but can just work on little pieces at a time. into B 1EARAEHB)
XE2—MF—XZIUERFN—/R, XiE Lean BRIERRKMAA disjoint /dis'dsomt/ ad.
¥, EfTERE—EER, URMEXINES, ERAXMIEN, BF (8%) TMERH; ERERN

ERERARX—H., EENEER"XHSHEN T IFSMHAEN, BFR
ESNREE, (RANE—EABRIKRE, EFHARM—/MR—IR, A&
FEAR—EAN—EIEZENHE, BRIU—RE—/IR,

34:32 MEALEFBIEL10M8) 2
| think this will be a more and more common way of doing mathematics A RFRFI8de BruijnEZH9TIT
going forward. It still is painful to do — like the tools are not really — fdit: RERTMERES, 18

. . . . S EESEERT
they're getting better and user—friendlier but you still need to have some W RN REREE.

expertise in programming. | would say it takes maybe 10 times longer to
formalize a proof than to write it by hand. On the other hand if you want
to change a proof — so for example there was a 12 that showed up in this
theorem, we later improved this 12 to an 11. We got a slightly stronger
theorem. Normally if you do that you have to rewrite the whole proof or
like you could maybe cut and paste 12 to 11 but then you have to check
you didn't make any mistakes when you did that.

BINNSERX B AEREE DA ENS N, MERDAREE—
TAFAEEN—ENEEYF. BB ERY, BRLATEE—EN

wizReN . B, WM —TERAARBELEFSES® 10 FiE, B%
—FHHE, MRIREAE—MER—ENX T ERELME—1 12, Befl]
ERIEXD 12 AT 11, BA1FE T — M HHEBRNEE, BERX

LAWENE, RSEEMIRES—E, WEMRBIFAILIE 12 #ERM

n, BEEFRENEBTRNARE LIS,
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35:15 B12BHANRIELK: RIFSIE
But actually when we formalized this then we got the improvement — it iR ALRMMAE, FXHIE
only took a few days to change the theorem to the 11. We just changed PREEEENEESNEE
the 12 to 11 somewhere and then the compiler complained like five E— FETJ EMXW% R
different places now is certain this very specific part is not working and FEMERARR.
we could just do some targeted fixes. So in fact for some specific types
of doing mathematics already the formal approach is actually faster. Now
there are actually quite a few big proof formalization projects going on
right now.

BXFEEBMNER M ZE, FAETXPTH—RE T LRMIEE RN

1T . BAOMERLIE 12 88 1, RERIFSMRER, WEEAD

AEMM G . ETEEEFNBOAKILT, BNREM—LEEHITERE

#Ml1T. PRNS L £, MEEAFEXRBNBF KR, EAMHNARE

ZBERT, MEETHRIZHAREIERERNAIE EEH#HITHR,
09 Hl28F ) RMALLHITEE
35:46 Kevin Buzzard21C 3% EIE T
The biggest is Kevin Buzzard's project — he's just got a big grant to %, LeanfniBE, 20245 3K%E
formalize Fermat's Last Theorem in Lean. He says it will take five years to FENEAEBAEERL AN

B, BfMAEASHWilesiEEARY

do the most important parts of this proof. He doesn't claim to do the R
RIZIDERD

whole thing in five years but the interesting part is already on the way
actually. So that is formal proof assistants. I'll talk about machine learning.
Machine learning — these are using neural networks to predict answers to
various questions that you can use in many ways. | think I'll skip the first
way | was discussing which is to use neural networks to guess solutions to
differential equations which is a very exciting new tool in PDEs but | will
skip it.

RAMHZ Kevin Buzzard MIE—RIZ R —EA&EE), EFE Lean
BRAMRESKRER, iR X MERPREENSOFEAF, M
FEMAFRIERHSEMST, EETEBNAMIBLERLT, UL
MERMGIEREF . TEEREHANSRZS ., 82 —MERHEN
SRV ZIMEFNER, BEFARSZ., BERSIETREREHIFE—
MAE, MERMENEEBHMD HRENE, ZERBDHREEZTIER
LAMENFIER, BRHMHIT.
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36:36
I'll talk about another application of machine learning to knot theory. Knot
theory is quite a fun area of mathematics. It's an interesting area that
brings together many different fields of mathematics and they don't really
talk to each other. A knot is just a loop of string or a curve really in space
that is closed. Two knots are equivalent if there's some way to
continuously deform one knot to another in a way in which you're not

allowed to cross the string — the string is not allowed to cross itself.

BEMNSRZINS —TNA—AFEERL, AFRCERRFERIEE
=1, ERTERSRALRE—ENTBON, CRTITFSTE
WEFESZ, MEMNZBEIHNEAERRM. AEME—REE, o
HREEPF—FAGHNHL, WRENEAE—TAGEE BN A —
T, MEZEFAAREFFIEC—E8FEFAAITERARN
XM AERE SN,

AL

37:09
The basic questions in knot theory are: When are two knots equivalent? If
| give you two knots is there some way to turn one into the other? The
way you approach this question normally is that you develop these things
called knot invariants. These are various numbers, sometimes also
polynomials_:c_h-z_a_t-_y;(-)_l;_can attach to a knot and these numbers don't
change no matter how you continuously deform the knot. So if two knots
have different invariants they cannot be equivalent. There are many types
of knot invariants. There's something called the signature which counts -
you flatten the knot and you count crossings, whether the crossings go
over or under and you create a certain matrix and so forth and you can
get a certain integer called the signature. That is one type of knot
invariant.

AGIEHNERREEE: MTAGTARERESNN? WRBLRM A
&, BRANEEER—NERS—T? BELEXMEENAINE, 1)
EME—EUHMAEAITENERA., EMNESME, ARNBESTRN, 1R
AIMMEENMER—1THE L, METEREAESEZI ML, XE
BHARE, MANMRANAENFIZENE, ENMATESFN. A5
FEEFFEFEESZM, H—TUMFSE" (signature) KR, EX
BREEN—REAEET, RAEERX R, EETRXEZELFERT

%, BMEETERES, (FMESE— 2, WHNSE. XME—

KAZEREZE,

75 3E B R
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AEICERAN, R LT
DEEFE. TMESXEER
K. EARR ER TXH&EE
SRMBEBRANSES.

deform /dr'fo:rm/ v.
FETH; (M) EERET

ALEERHBIEMAITERSS:
EETHANEARES, HIAE
ERENAELREN., FSE
SRESeifertfEfF, EEHERA

AUTER,
invariants /in'verionts/ n.

(B%) 7~%&: THTHRER

THIE
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37:55

There are some famous polynomials called the Jones polynomial and the
Alexander polynomial which are connected to many areas of mathematics
but | won't talk about that. Then there are these things called hyperbolic

the knot and that is actually what's called a hyperbolic space. It comes
with a certain geometric structure, has a notion of distance and you can
compute its volume and some other invariants. These are invariants that
are real or complex numbers. So every knot comes with some
combinatorial invariants like signatures and it comes with these geometric
invariants like these hyperbolic invariants. Here is a whole list of knots
with various hyperbolic invariants — there's something called the
hyperbolic volume and the homological cusp shape and so forth. These
are real or complex numbers but no one knew of any link between these
two. There were these two separate ways to create statistics of knots and
they didn't — there was no connection between them.

EE—EZRNZIN, WRASHANIBLUASIHN, ENIMHEN
WM EHKR, FIBMAAT . REEE—KIUERBEAZENR
78, ENRE/LAE. RATMBRASNME, MESERr LMEmBERIRRE=
B, ERAEM/LAEN, FEBNOSRE, MEIMITEERERINRED
—ERTE, RETEEETXHAEN. MASTAEHHEFE —LAGE
MAZE, LENFSE, RNtHEFREXE/LORNATE, EINXEIRHE
g, REZ-BRALNIIR, RLEMNBAZTE—F TR
BARREY, BEERRRTERES, REEIHAEN, EREAMER
MEZ BBEERR, XREMERIIRIZN. ERALSRITENAHN, ™
EMNZE—RERBHR,

75 3E B R

IR 2 IR 19844 HHVaughan
Jones R (fthFELLIR1990FE
MELE); WHALERE
Thurston/L{al N, AES5]L
ARELSITE KRB SR

complement /'ka:mplomant/ n.
() &, #=E; RS
compliment (#$4) HEX3!

hyperbolic / haipar'ba:lik/ ad.

($8%) XWehay; BEXREkK
89
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38:55

It was only very recently that people started using machine learning to

attack this problem. They created databases of millions of knots which
actually was already a slightly nontrivial task and they trained a neural

network on this. They found th_éi-é}‘_t_e?{raining the neural network you

could give it all the hyperbolic geometry invariants and like 90% of the
time it will predict — it will guess the right signature. So it created this

black box and it will tell you how the signature was somehow hidden

somewhere in these geometric invariants but it didn't tell you how - it was
this black box.

BRI&E, AMIZATiama8%2 I RKK XM, tMmigTes8Enh
TMGNEIEE, ZRASMELE TRMATNNEST, REMINEL
EINERT —MEENE, IR, gkz/E, (REILERRB W LEFR
LERLXMEZNE, A 90% KIER T EREIN L X—EREEX
HSE. INEEHTXA—1TEME, XTERESFREFSEUREMS
BEXE/OAARESR, BERSFREELABN—EMETEME.

39:32

But that's still useful because once you have this black box you can just
play with it. So what they did next is actually very simple analysis - this is
what's called saliency analysis. What this black box does - it takes about
20 different in_y_a_t}f_s_,_ahe for each hyperbolic invariant, and which is one
output - the signature. So once you have this black box you can just
tweak each input. You just say what if | change one input, how likely is it
to change the output? Of the 20 inputs that they found, they found that
only three of them actually played a really major role in the output. The
other 17 were barely relevant and it wasn't the three that they expected
actually. They expected the volume for example to be very important and
the volume turns out to be almost irrelevant.

BRINATH, BAN—BERBETRITERME, MHMAIUEEMSTLER, P
RT3 T REOELZFER BN DT —MEMBENEZ ED T, X
NEAMNBER—ERZIKAY 20 M, SPWNHAZEX N —
P, MEERE—T—/RSE, IN—BRETXTENE, AR
PEEBEAN. e ARBAEE—TBAN, BHEESATESE?
EMIZRIX 20 MAAE, tMIRIRBEF=THENHEETE
2EH. B 17 DN FRXEZE, MERERIB=T1EFZ MR
B=1. LLAENAUNERZFEEE, GRER/LFLXREE,

75 3E B R

}6DeepMind 542 K2 S1E.
2021 RRT (B Ik
(Davies%s) : HAMLEIAL90%
EREMEAIRZE TS
=, R/ VaEE TRE) A6

N
2,

]

nontrivial / na:n'trivisl/ adj.
NERK, BEFCEER (8%
KIGABEIERE)

black box phr.
EFE: RIBmARL . REAE
MHIN RS

SEEDTEIEMIEIEA . N
SEET A —RARERER
B, RERZA: 20T HMAHX3
NEFR, BEERTHIREEN
WEARILF R,

saliency /'seilionsi/ n.

EZE%; saliency analysis 22
Mo (HeEF BT R
%)
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40:13

There were three — something called longitudinal translation and the real

invariants that were the most important. So once they identified the ones
that were most important, they could just plot directly the signature
against those three particular inputs and then they could eyeball — rather
than use neural network they use the human network — to then see oh
okay there's some obvious patterns here. By staring at these graphs they
could actually make conjectures as to what was actually going on. They
made a conjecture based on this which turned out to be wrong actually.
But they actually used the neural network to show that it was wrong. But
then the way that it failed, they could correct it and they found a
corrected version of the conjecture which actually did explain this
phenomenon. Then once they found the right statement they were able to
prove it. So they actually have a theoretical explanation of why the
signature is so closely related to these particular statistics.

EERNE=1"2——PUHMEFFR (longitudinal translation), FF
2m@F# (meridional translation) KILEHMEEB—mMEX=TTELE
REE, FIA—BM(likETREENB/LD, IIMAIUERFEGSE
MEX=TMEBABLR, REAAREE— TRARENE, MM
AR HEME —REME LI, W, FE, XBEF—LLRBSHN
2, BUITEXEEE, MIENENSEIRELETAREREE, it
HBLIRE T — B8, ERXMERIREN, EBMI1XiFLEERHEM
FZIBATEREN. MMEXRMNAXE, MIIEEEBE, HRETX
MERN—MEERAE, X MRAHIBER T XMIR, AE—BEMI1%
2T EMABRR, MIIMEEIEEIR®E, FAAMIIESE T — M8t E
MIRRRE, HIAAT AR S ZENXLHRENSITEXAULLER,

75 3E B R
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SEEMANEIE: 88 &TEX
M- AR BB —-H234A R B
— NEE— ASTHIER, 3357
= TEMERK), ARk Thita
[DAvER

eyeball /'atbo:1/ v.
(MI18) AARERMEE, BN

longitudinal / la:ndzo"tu:dnl/
adj.

Pary (ALEEIEARIE: BEL
73 [ERY)

meridional /ma'ridianl/ adj.

2@, FFLHEN
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10 KiESHEE: FRSHEH=

41:15 REZRUE: HMENEEEHT

This | think is a way in which machine learning is being increasingly used FHE, LLMBBARE, B

in mathematics. It doesn't directly solve the problem for you but it gives MR ASOKTRIRIL) RRIT
—AENS—RENIRTRR T

you all these really useful hints as to where the connections are and where
to look at them, but you still need the human to actually make the
connections. And then finally we have the large language models which

RARHI,

are the most splashy and have made the most news. Neural networks have
been around for 20 years but large language models have also been

around for 5 or so years but they've only become sort of human level in
output very recently.

BN XM BN GZZE AR F PRGBS ERN TSN, EATER
BREREE, BERGIREMIEEERNRETR, SIFREXRTEEEM
B, ZEMESR, BRMAFTEAREEECXEKAZIER. KEHA]
RIXRNESRE, ENRER. L TRZHE. HENZELFE 20
FY, MAESREWEZFEATAAT, EENNREESIRETIA
I EESUWANES: Y G o
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You've all probably heard of GPT-4. This is ChatGPT's current model.
Very famously when GPT-4 came out there was a paper describing its
capabilities and they fed it basically a question from the 2022 IMO. It's a
slightly simplified version — if you studied the 2022 IMO you'll probably
notice it's not exactly the same form but it's a simplified form. For this
particular question actually you give it the question and it actually gives a
complete correct solution to this question. It actually solved an IMO
question. Unfortunately this is an extremely cherry—picked example. | think
out of the hundreds of IMO level questions tﬁé{/-:ﬁés}éd_ﬁ_én, they had a
success rate of about 1%. So this particular problem they were able to
solve, and they had to format the problem in the right way to get the
solution, but still this is quite amazing.

RITABRER TR GPT-4, X2 ChatGPT BRIMEE, REBNE,
GPT-4 Rl E—RIEXHAENEES, MMNERLLAEIRT —E2022
F IMO RIRR, XETHMENTARA—MRIFEART 2022 F

IMO, A ERIENRELATTE—H, EBERREMAR. MXE
BFENFEBRMS, (RMEEBSAE, EENGE T BERNRE. EEN
BT —8 IMO @, A%, XR—TIRERMMEIZNMF. HicSE
ATREETLEIE IMO LHIEIERE, RINEAMBMRE 1%, ALK ER
Meed e, MEMIESIERBIRGENH T se152IM#E, (BAD
fEants, XEHIRAT,
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BffER2023%F (Sparks of AGI)

EXHFNEZER. 1% KK
RS IREDFIFHEFE—FMNAI
BENNOMELESEE, (PR
MU T cherry—picking,

cherry—picked /'tferi pikt/ adj.
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On the other hand the funny thing about these tools is that things that
humans find difficult, Al can do very easily sometimes, but things that
humans find easy Al often struggles with. It is a very orthogonal way of
solving problems. In the same related paper or preseﬁ:c:e\-t-i_o_ﬁ_,_:cﬁéy asked
the same model to do a basic arithmetic computation: 7 * 4 + 8 * 8. The
model, which is just guessing the most likely output based on the input,
basically guessed the answer is 120. Then it paused and said okay maybe
| should give an explanation why it's 120. So they did a step by step but
when they did a step by step they actually arrived at the actual answer
which is 92, not the answer that they started with. So then if you asked
"Wait but you said that it was 120" and they said "Oh that was a typo,

sorry the correct answer is 92."

»—HHE, XETHEFRMAET, AXRSENEE, Al GIHRER
WBE, MAXRBEBNERE, A AMEBHAET., XB—FMIEEER"
AARREBIN SN, EE—REXIEXFERE, NLE—TMEEM—
TEANEARITE: 7*4+8*8, XITRE, EREERRAENEL
EETEWANENN, BEALMEREERRE 120, RAREET—T, W
B, hiFHRiz@RE—TRtAR 120, TREMT —SLHNHES, EESH
E—STHESHNNER, EXFINERENER 92, MARE—FIA%GE
AT ER. FINRIREE"FE, RRIZRZ 120 B, EM="H,
BETEIR, B, ERETRZ 92, "

43:36
So you know they're not solving the problem from first principles, they're
just guessing at each step of the output what is the most natural thing to

say next. The amazing thing is sometimes that works, but often it doesn't.

It's still ongoing how to sort of make it more accurate. People are trying
all kinds of things. You can connect these models to other more reliable
software. In fact you will see a presentation after where there's a large
language model connected where you don't do the computation yourself,
you outsource it to Python in that case.

FRBMRZ &M, EMNHAZME—MREBHAEFR, MIAZRERLNE
—SHNE TREBERXR T4, HFNE, ARNEXFEARENTS
B, EEZEAT. BAateEER, BrifiEREZH. AESR
BEMEFRINE, (RAIMEXERRERRFINE R ERRE £, X
L, F—TMREEI—EH, BEEME—TRNESKRERETER, IR
FHEHITE, MERETEIELE, BTFIFERIEL Python,
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orthogonal /o:r'6a:gonl/ adj.
ERH; () TEREHE
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typo /'taipow/ n.
TFHIR, EIR
(typographical error HI4EHE)
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But another thing you can do is that you can force the language model to
only produce correct answers by forcing the model to output in one of
these proof assistant languages and if it doesn't compile you send it back
to the Al and the Al has to try again. Or you can try to teach it directly the
same problem solving techniques we use to solve IMO problems - you
know, try simple examples, prove by contradiction, try to actually prove
step by step and so forth. So people are trying all kinds of things. It's still
nowhere near able to solve a large majority of say math olympiad
problems, let alone math research problems, but we're making progress.

A—IMER, MAIGREIESRER A FRINER—NEEBHIR
BREMIERBFES KL, MRFIFFEL, MELERERLS Al it
Al EFFIR—R, BEMRBAIMERBAERHNE IMO BB i RAIARLR
BRI — Al R RN . RIDA. BRINE S —HHAKIIA,

FE. FIMAMESHSMEIFNNE. BRIEBERLE XS MR
EZFREz, BEIRBEMAREDAT, BRNBITEHRDS.

45:01

Besides being able to actually solve problems directly, it's also useful just
as a muse actually. I've also used these models myself. I've experimented
with various problems — | had a combinatorics problem which | was trying
a few things and they weren't working so | as an experiment | just tried
asking GPT "What other techniques would you suggest to solve this
question?" It gave me a list of 10 techniques of which like 5 I'd already
tried or were obviously not helpful. But there was one technique I'd not
tried which was to use generating functions for this particular question,

which once it was suggested | realized it was the right approach but | had
missed it.

PRYBEERBEZIN, EEIEA—T"SHEERN. HECStAY
XERR, Bffid EMLR—HGNENMASHENEE, 1 TS
BEARMY, TREMIAMFLR, HIRAR GPT: "REEWBH A5
RIGKEXMRE? "ELR T 10 TI5, HRAH 5 MEHELAIT,
FERERTAEE, BE-TRITHRAE, METNXTEMFEEE
AR, —BEiRbE, HRUAFRIXTENNEE, RERZARF
=7,
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So just as someone to converse with, it is somewhat useful. It is not great
right now but it is not completely useless. There's another type of Al
assistance that's actually become very useful for proof assistants. As |
said, writing formal proofs is a very tedious task. | mean it's like any really
fussy computer language — you have to get the syntax exactly right. If you
miss a step it doesn't compile. But there are tools — so | use something
called GitHub Copilot where you can write down half of a proof and it will
try to guess what the next line is. About 20% of the time it actually
guesses something close to being correct and then you can just say I'll

accept that and say okay.

FIXBEREN—THURRON R, EXER /AN, WELRALE,
BEARTERA. BB —%X Al H#HB), XIRBFRHELZFIEESL
AT . M&HxRN, SEACIREAIFEEEDNE, EMBREQIRER
WEIMENES B850 TR EHR, PE-DHRFEFIT, Bl
ERLETE—HKANE—Y GitHub Copilot BI&RF, RS FIEBRAI—
#, ERWERTATRM 4. KA 20% NIHREERERLIREIE
HRRZRA, XEMRFATMERR BiER", B,

=
i
=32
b

CopilotZ20% I I3EIT IE 7
—&MNAS, BEEEERRTH
BN EREEEEZE BN, Al
BRI ER A/ NEUR T IIE R AR
ERFST IR

fussy /'fasi/ adj.
AR, WEKRER; RS

ERERTLES

syntax /'smtaks/ n.
t8N/EEZ) BE
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So in this case | was trying to prove this statement here and the lines in
gray are the ones that Copilot suggested. It turns out the first line is
useless but the second line, which you can't quite see, actually did solve
this particular problem. So you still have to — you can't just accept the
input because it won't necessarily compile. But if you already know sort of
how the code works it saves you a lot of time. These tools are getting
better. So right now they can maybe - if a proof is one line or two lines
long they can fill it in automatically. There are now experiments to sort of
iterate an Al suggesting a proof and then you feed it back to the compiler
and then if it compiles wrong you send the error message back. We're
beginning to sort of prove things that are like 4 or 5 lines long — they can
be done by this method.

EEAlX B R AU IX e, K EBRIABILITRZ Copilot XAy, 45R5E
—imgftaR, BE T —RAREANET—WLIEX MRS
RRT . FMMRERE—IRTBERIABIFIZZ ERRA, BEAERDYD
BEmIFEE. (BMREARERABNEXEREZEALOE, EEENRE
TRZEE, XETAETELY . WENKFABRE—UNR—ERILRA
RE-MITR, EAMEMIE, BAETE LR, it AlRE—ME
B, RARIEEREGRFSE, URFEFLHEMCEREEHEEE, XFR
S1E., FAVHAREIERABIN AT RARA T — XL AT S E
SERX.

N RE: REROEZERIFFEZF

47:29
Of course a big proof is like tens of thousands of lines so it's nowhere

immediately. But it is already a useful tool. Okay so where are we now?
There are people who are hoping that in a few years we can use
computers to actually solve math problems directly. | think we are still a
long way away from that. For very narrowly focused problems you can sort
of set up specialized Al to handle just a very narrow band of problems.

But even then they're not fully reliable — they can be useful.

SR, —PKERE LT, FAMUBIREEZICIERE AN EERST,
BEELETHERANIAT. &F, BENAEIIM—FST7? EAFEBI
NEHMNMERT BN EZBHRZEE., BRFHNEBB—DERT. X
TEERE, REMNREE, RAIMEEEN Al RLGEREN—ERBR-,
BEMEALENBARRE EN—AIHILER.
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But still for the next few years at least, they're basically going to be really
useful assistants beyond the sort of brute force computational assistance
that we're already familiar with. People are trying all kinds of creative
things. | think one direction which | find particularly exciting hasn't really
been successful yet — hopefully Al will become very good at generating
good conjectures. We already saw a little example of this with the knots
where they could already sort of conjecture those connections between
two different statistics. So you know there's just the hope that you just
create these enormous datasets and feed them into an Al and they would
just automatically generate lots of nice connections between different
mathematical objects. We don't really know how to do this yet partly
because we don't have these massive datasets but | think this is
something that would eventually be possible.

BEMERK/LEA, ENEFLZRIFEFHRNGTF, BHENEEHR
BHBMBRDITEANHEY . MIESHEMNFLIENERTE., HRESE—
ThEfERLENE, RRBINEKEIEMII—FRE Al JREFBER
REFHBER. BIIELEASITHIFERR T —REk, ECRRER
ERTAERTEZENEKR, AAUAMNMERFE—THE: REHXLE
EXNEIESR, IR%G Al, EMZENERKRKETFBENRLZ EINEREX
F. BIMAECAKABXZEAMH, BoREZHNERE XL BELE
X

&, ERRTREREFRELIN.
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One thing I'm also excited about — this is a type of math that just doesn't
exist yet. Right now because proving theorems is such a painful
painstaking process we prove one theorem at a time or maybe two or
threelfyoure efficient. But with Al you could imagine in the future instead
of trying to prove one problem or solve one problem, you take a class of
1,000 similar problems and you say "Okay I'm going to tell your Al try to
solve these 1,000 problems with this technique" and it will report back "Oh
| could solve 35% of these problems with this technique. What about this
technique? | can solve this percentage of problems. Well if | combine them
| can do this." You could start exploring the space of problems rather than

just each problem separately.

BE—HLEBHXENE—XE—XBERREAETFZENNE., WNEEN
IERREEZ MRS .. BAONERE, B—RRIUE—TEE, WESH
BEEF—RW=T. BB 7T Al, RAIMNESERKAZEFILE—T0E, F—
NER, MEE—EX 1000 PERMEYEE, Rik"eF, Bik Al BX TR
I5EINERRIX 1000 NEf", ERERG H, BXTRIGHERLESR
35%, HRXTIGNE? HEEBEXAZEDLE. WRIEENGGER, K
BEMRXAE, "IRAIUTHERRE N EAEZE, mMARE—T A&

=,

49:46
This is something that you just you either cannot do right now or you do
over a process of decades with dozens and dozens of papers slowly

figuring out what you can and can't do with various techniques. But with
these tools you could really start doing mathematics on a scale which is
really unprecedented. So the future is going to be really exciting Ithink. |

mean they we will still also be proving theorems the old fashioned way. In
fact we'll have to because we can't we won't be able to guide these Als
unless we also know how to do the things ourselves. But we'll be able to
do lots of things that we can't do right now.

XE—MHRNERLAREMAR, BAGELLTE. JLTRIEXTHEE
IBIRBFRNE—RBESMRITEMMT 4. TEEMta, BRTXET
B, (RENRIMERIFTARBRIAE LHEZR . FIMBREARARSIFESA
HE. SARABNERZRENALREE, ST EBNIDTXAM, EN
ARBMNBECAZMXESE, BAITMIRESISXLE Al, BIEITFEHRIR
SUAEMARNE.
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Okay | think | will stop there. So thank you very much. Any questions? So
we are on a tight schedule but | was told we have time for maybe three or
so questions. So if people would raise hands and — there's someone over
there. Thank you. Can you hear me? Thank you that was a beautiful talk. |
particularly loved about formalizing mathematics but one thing that you
didn't mention was Voevodsky who left algebraic geometry because he
made a mistake and started formalizing homotopy type theory. | would be
interested to know if you have studied this and have any comments on it.

9F, BRBEMHAZIRE, FFERHAR. BHABBIB? HAA9RTEHEE
B, AEBREMAREERERIZE="ZEANE-E, BAREF—HR
WAL, B, BEErRBIRIELS? A, IR2—BREZEHR. BT
AERKTHERDAMRIL D, BEE—REREIRE], MIE Voevodsky
—fEF TRELE, RAMIET MER, RETIAHEICEEICHIN
. BREAMEGRERBEMARIZT, BREMTLITELE,

51:32

Right. For Voevodsky — yeah he was worried about a crisis in certain
areas of mathematics including some that he created, that the proofs
were so abstract and sophisticated that there was no way to verify that
they were completely true. Yeah so he proposed changing the foundation
of mathematics to homotopy type theory, which is more robust. Like if you
change the underlying axioms of mathematics, a lot of Whatyou prove in
this theory is still true. There are proof assistant languages that are based
on this sort of homotopy type theory. Lean is not actually, by design,
because Lean wants to formalize a lot of traditional mathematics which is

not written in this language.

EM. XT Voevodsky—fiffgSLiB O FE LI LB, BFEfd
BOFRIR—L9E, RAMLEIRAHR. RER, RAIMNERIEE
MNEETEIER, AMNIRBUEHFNEMBMEIICEEILE, RAER
2. tbanin, MR FNREAE, EXEFICEURNRZIEAA
RABIL, XA —LIIRBFESEE TXMEICEKEILH. Lean FF

2, XBBERNZ, AR Lean BEANMKEESEE, MERBEHT
ERAXMIESER.

75 3E B R

B RFHLAEIER - ASK THE BEST MINDS

Voevodsky (1966—2017) 2
2002FFEMELEIFE, ARIE
CIEXHEIRIASZ MR, BRE
o TREEM) SEEEREE
(HoTT) mE=t =L,

EMEEENEIA TEERIBN=E), 48
FEMER ) REFER, WRIE
THERE; LeanZIETEKA

E, BNERBRERESEN
BIERERZA ST

robust /ros'bast/ adj.

TRy, IR (ZHmhhEER
FritaE)

MIAAEIE - 8B 47 T



7 3E bi R B & IFRIKANIZE - ASK THE BEST MINDS

52:20

| do hope in the future there will be multiple proof assistant languages
with different strengths and weaknesses. One thing that we don't have
right now is automatic ways to translate a proof in one language to
another. That's actually one place where Al | think will be very useful. Once
we have that then we can - if you have a different philosophy of your
foundation of mathematics we could just hopefully translate a proof that's
been formalized in one language to another and then everyone will be
convinced, including Voevodsky hopefully.

BRI HFERRSE SR FIES, SESNRLNEL., BT
RIV—HRA, MEBMNE—MMESEMNIERIENS—TMESNAE.
BREXIBIEE Al 2IEEFRNMA ., —BETXD, BII#MAIA—U
RPN FZEMBARNEZI7, BMIMEFEE—MEE BT
FERRENEE Z—MESE, AGEMEAHSKIRR, FELERE
Voevodsky,

52:54

Yeah so | mean there are multiple approaches to formalizing mathematics
and we shouldn't just certainly fix on one particular standard just yet. Well
| — okay. All right so a random process. Okay, well that will not be quite
relevant to the topic of the talk, but | was recently applying for PhDs and
the advice | was given by the professors was basically along the lines of
"the longer the better". So it seems like there's kind of_é__g_é_ﬁé_féi __________
agreement that mathematicians need somehow to grow up to big ideas.
So from that perspective, how do you think about your decision about
going to university at such a young age? Did you think — how it influenced

you as a mathematician and as a human being?

28, BB, AFEAMESHER, BMNAEESEENMXREEERE
—MtnEL, B, H—F0. BMEENRIE, &F, X EaAIsENE
HWEBLKEXR, ERFIOERIFEL, HRMNAFBWEBNEA LR HBX
", FRIAUFARREBING, BERFEURMNSNISIERAKEIREZEIN
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Well | was — yeah | had some very good advisers, both as a high school
and undergraduate and graduate level. | mean | don't think it's a race. |
mean you go to university when you're ready to go. You know you
shouldn't go just because you were told you need X years or something to
do this. | think it's different for different people. You know | mean - it was
very important for me. | mean | went to undergraduate when | was 13 but
it was at a university that was very close to where | lived so | lived with my
parents and they drove quite a lot actually to the university for all my
classes. If | didn't have that | don't think | would have had a good
experience.

I, H—eh, FBAT—LIFEFNSIN, SH. FARNMRENER
HE. BREZIZ—IRE. MREFESHF TMELRE. RRREN
AAT IR X FABEMRXGEMEM. HRSRAMST. WHEFR
X—RREE, & 13 5 LHAR, ERAAEERRRE, FNAEESR
B, RRBEIFTREREERE LAEINR, IRKBXTFYE, &K
AREHFEE—RIFNER,
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So it really depends. | mean okay | did my university at a very young age —
doesn't mean everybody should do that. Yeah it's — there's no single
answer to this question. Thank you. Okay so another kind of more general
question: Given that you've contributed to truly myriad mathematical
fields, how do you go about choosing your next research topic and
problem you want to solve? And also what's your Erdo§ number? Okay
well my Erdo$ number is two, that's easy. But | actually don't know - |
mean it — | mean early on in my career you know | had advisers who
suggested problems to me. Nowadays it often just comes by serendipity. |

mean math is a very social activity. You go to lots of events.

FIMXENERER. BRIOMLETARE, EXTEREET AR,
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So | mean after this I'm going to a math conference in Edinburgh and I'm
going to talk to a lot of people in actually an area connected to this PFR
conjecture thing actually. Likely I'll have some interesting math
conversations and maybe some research questions come out of it. | do
have some long—term projects that | would like to — you know something
that I'd like to solve. But increasingly | find that it's the questions that just
come up by conversation with other mathematicians that — yeah so you
know | didn't know I'd be working — be talking so much about Al actually
until about two years ago for instance.

MR ZEHREXZZT ESN—THERIN, MABRSHRSAWEI—
ESLIR PFR BBAXME. RAgGSE - LARRNMENE, 0iF
EEEMHPE L —EREE, BMIA—ERKBNE, BHERRNER
PG, BFHEHAI, FLEBMEEMEENEMEZE RIURETE LKA
—FTAMRE, LEAIRERANMER, BEHFMEBCTRASHIRIS
Al,

56:39

Yeah | think people should be sort of — you know the future is going to
require more flexibility. | mean there will still be people who specialize in
one topic and just one topic and be the world expert in X, but increasingly
| think there'll be more and more people who will move around over time
and just find interesting new mathematics every few years just by talking
to other people. Okay. | think we have to move on actually. So the next
speaker is Simon Coyle from XTX who will talk about the Al Math
Olympiad.

2H, BREARNZ—AKZHREESHNREE., SREREZBAAT
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oA R BB IF AL AKIZE - ASK THE BEST MINDS

F_8ln OB - EREHHRIA

1. Instead of doing X, youdo Y

“Instead of having three hours to solve a problem you take months”

3 instead of + BRIAFFk, —AIETAMIANLLE, NMATE. YUERENIFEFA, L not X but Y EOIEXRB.

2. No matter how ..., one of ... must ...
“No matter how you color the natural numbers, one of the colors must contain a Pythagorean triple”

KX TRISEHEHUA NEMEE, BERANRFRANERMRED I, ER no matter how [FHETEM G,

3. things that A find(s) X, B can do Y; things that A find(s) Y, B struggles with

“Things that humans find difficult, Al can do very easily sometimes, but things that humans find easy Al
often struggles with”

EENENTONREN, Mo UREGRD, BARERE, BAMMBYEN B FEURTEEZER.

4. With X, ... stands or falls

“With this theorem the hope that this condensed formalism can be fruitfully applied to functional analysis
stands or falls.”

TERFELE—25 ) BPERIA, EBEATMURIK, 1BIERE stands or falls FME, FERLERIZEAIRIERER .

5. It's nowhere near ..., let alone ...

“It's still nowhere near able to solve a large majority of say math olympiad problems, let alone math research
problems”

nowhere near & E1§ix1, let alone FEH—FE TEFMI, THEIVR. JRRKEFHANAMEARS.

6. This turns out to be ...

“This turns out to be a surprisingly hard problem.”

turn out to be R~ MBLIER. ERAT, BESMBER. HARZIRPNEING R EIRE, FE surprisingly &
IR

7.in a mere + B{=E
“He actually finished in a mere 12 years”

a mere EHiEiFR TXX, (UX, FIER (HRD) ekl (12FBl0), SHERER only EFHEERESE.

8. Once you have X, you can just ...

“So once you have this black box you can just tweak each input.”

once 5|SFMMNER T—BERE. FEE...0, just BFRIERIR, HEH AL, TEMENNSMON,

J5 3E B R MIAKEE - B 51 W
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E=Ey E£EEIK - A

) B 4F A9 3k A% $2 8]

- ASK THE BEST MINDS

&iC (=100 at BY H
a mere — phr. XX, XX (RTEBE/IMEIRA, EFRIN: 86GBHRA) 1:54
a priori / el prar'o:rar/ phr. Jcitith, BHRER (KT8, FASEER) 18:23
abacus /' &bakas/ n. =k 3:15
ad hoc /,@d "ha:k/ adj. IEEHHER, NIFEBNMmIRN (R T18) 20:23
along the lines of — phr. KBRE, #MF GIRKEABHIERRIE) 52:54
associative /a'sowfiatrv/ adj. (B=2) HWREEEN 9:43
asymptotic /, esimp ' ta:tik/ adj. (B=) #mFR 18:23
axioms /' eksiomz/ n. N L] 16:59
ballistics /ba'listiks/ n. SEESA 3:56
black box — phr.  2FF: RAMABL. FNMASNHEHINERS 38:55
blueprint /'bluzprmt/ n. B, AL b hleanER L ERIER 28:36
brute force — phr. J|AHFZE (TEHAE); LbEENE: FEHEE 9:06
byproduct /"bar pra:dakt/ n. B, MiwRER 29:08
cardinality / ka:rdo naeloti/ n. (#=) EH, £857T&20917 6:40
caveat /'keevi at/ n. ZnigBA, MIMRRHEISRYE (2AREEEERRE) 22:23
certify /'s3:rtofar/ V. iNIE, EBR/ESE 22:23
cherry-picked /"tferi, pikt/ adj. fBOHNER (RSB EFNGF, 8lzX) 41:53
cluster /'Klastar/ n. SR, —4H; LK BRI ARHhRSIETT EAER 3:56
combinatorial / ka:mbena'torriol/  adj.  HEM, HAEEFEN 8:24
combinatorics / ka:mbona'to:riks/ N HEWZE, HEF 30:23
commutative /ka' mju:tatrv/ adj. (B) TIRQIRE, SHERIBEN 9:43
compiler /kom 'parlor/ n. IRiFes 33:21
complement /"ka:mplomont/ n. (Fh=r) Mg, #h=(E); JEFES compliment (F§4) HEXH|  37:55
condensed /kan'denst/ adj.  BRERM; LA RIARIE condensed mathematics (EEERELEE) 24:00
conjectured /kon'dzektford/ V. B8, N (BMEARE: REHBER, conjecture TMERTE) 4:40
continuity / ka:nto ' nu:oti/ n. EEE, JESEY 2:31
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controversy
correlated
crowdsourced
decouples
deduce
deform

derive
disjoint

dual

dyke
executable
eyeball
facilitating
feasible
fiddling

first principles
floating point arithmetic
fondly
functional
fussy
generating functions
hexagonal
high-profile
hyperbolic
incentivized
incessant
incompatible
induct

inevitable

/"ka:ntravs:rsi/
/"ko:ralertid/
/"kravdso:rst/
/di: 'kaplz/
/d1'du:s/

/d1' forrm/
/dr'rarv/

/dis’ dzomt/
/"du:el/
/daik/

/19" zekjotabl/
/"a1bo:l/
/fa'silatertin/
/'fi:zabl/

/' fidlm/

/" fa:ndli/

/" fagkfonl/

/' fasi/

/hek'sagonl/

/ har "prowfarl/
/ harpar'ba:lik/
/m’'sentavaizd/
/m’'sesnt/
/,inkam 'paetabl/
/m’dakt/

/m'evitabl/

adj.

adj.

adj.

adj.

adj.

adj.

phr.
phr.

adv.

adj.

phr.

adj.
adj.

adj.

adj.

adj.

adj.

1) 5 5 40 3K 0 4% 18]
FI, 0K
HEREARY, BHEXIEAY

MRER, BHARMETTARY

738, {$9 5 (decouple A into B iEAIRARIB)

B, HSH
£z ($hih) EERE

#SH, 4 (derive A from B)

(%) AMERK; BEARESEN

(8r%) JERY; NER

RN, =8I (TREHE dike)

AHITH (executable code AIHITID)

(O8) ARERMGE, BN

ferk, {EEH (facilitate)

AI{TRY, 1T15@AY

RERF, IMENER (fiddle with FEEX3S)

F—ERE, KREARRFRE (from first principles ML)
FREAN (AMZIRERAR T T ERERNE)
SRIEHD, REM; look back on sth fondly SE4Fih (a2 EE
(8%) ZR; IRUARERE, FEFEE ThEEER

AR, WERMEN; LR EEEZRTLUNES

=
ﬂl&
I

SRE/ ERRE: AEITEZOTA
JNIAE, NER

BEREEN, SXEIEN

(%) WEH; BEXREERN

WA, BSRZURMNE (incentivize 45 /hh)
TEIETEY, RERTH (ZEEX)

TREN, KA (incompatible with)
(88%) fEY34A; induct on n 33 n {EUTYNE

RANERREY, PTRAY

MIRRER -

- ASK THE BEST MINDS

22:23

12:39

26:48

33:59

9:43

36:36

19:19

33:59

17:41

7:24

13:26

40:13

13:26

9:06

21:08

23:11

7:24

141

21:08

45:49

45:01

17:41

23:11

37:55

26:16

21:08

21:46

15:18

21:46
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invariants

iterate

let alone

linear programming

lingering
longitudinal
machinery
magnitudes
meridional
muse
myriad
nontrivial

nowhere near

number crunching

orthogonal
outsource
painstaking
phased out
planar
polyhedra
prominent
propositions
refereed
robust

saliency

satisfiability
serendipity

splashy

/m'veriants/

/'1torert/

/'lmgorm/

/ land3o"tu:dnl/
/ma’ [inari/
/'meegnatu:dz/
/ma'ridienl/
/mju:z/
/'miriad/

/ na:n'trivial/

/o:r'Ba:gonl/
/"avtso:rs/

/'pemz, teikiy/

/"plemar/
/,pa:li‘hi:dro/
/'pra:monant/
/ pra:pa’zifnz/
/ refa'ri:d/
/row bast/

/'seilionsi/

/ seetis faro biloti/

/,seron’dipati/

/"splaefi/

phr.
phr.
adj.

adj.

adj.

adj.

adj.

phr.

phr.

adj.

adj.

phr.

adj.

adj.

adj.

adj.

B RFHLAEIER - ASK THE BEST MINDS

(B%) FEZE: THRTMMRISTENE

R, REMATHERDS L

BERAR, 1216 (AFSEIERE, 5IHERTEENSE)
SR (BBERRMHTE)

BEZAEMN, RIEFEM (lingering doubts ELENKAIEER)
Han (ALEEIEARIE: JBEEHEN)

() —BENH. HEER RXNERE

MER; K/ (orders of magnitude ER)

ZEam, FFEHEN

28, REKR (REHEHRIEXZ L)

THM, E2H (PEIE; TMERIF a myriad of)
RERN, BEFREEN HFERBANEALRE)
MARE], ZBi% (L not near IBS381533)
AHUERETTE (O3, crunch numbers LMBAEHIE)
ERH; (18) T2TEHEN. ERETH

M (outsource sth to sb/sth)

BROAN, —£TEH

WiEL K (phase out DN ERIEF)

FEH (planar map FEE/FEE)

ZER (polyhedron RIS %K)

IR, BRI

((B48) @l

B (referee ZARBWRA/ER, I THHL X)
fRfEny, f2itH (SHMHEERIFIERE)

EEM; saliency analysis EEMH DT (H2R2ITBERENS
%)

(B%E) wImElt, SAT ENEES
MEIsE, BOMRMEENES

1BERAY, SIAEERY, ASKIEEAY

MIRRER -

37:09

46:37

44:16

19:19

25:27

40:13

31:09

7:24

40:13

45:01

54:51

38:55

47:29

7:24

42:46

43:36

49:07

4:40

14:32

18:23

24:00

10:27

22:23

51:32

39:32

9:06

54:51

13:26

$ 54 W
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stands or falls
syntax

tedious
transformative
trivial

tweaks

typo
unprecedented
upper bound
utmost

whack

/' smtaeks/
/'ti:dios/

/traens ' fo:rmatrv/
/"trivial/

/twiks/
/"tarpow/

/an'presadentid/

/' Atmowst/

/week/

phr.

adj.
adj.

adj.

adj.
phr.

adj.

) B 4F A9 3k A% $2 8]

MM ZET (sth stands or falls with/on X: XEXMIAEL, XMMIK)
GtEHN/EES) iB8E

TURZIRRY, HAIREIRY

HHRERN, HBEMN

(%) FNR, 228 BESCHHEN

™8, /esh (ahiE tweak TREF)

1F88IR, %IX (typographical error F4aHE)

SERAIGIRY, =RIMY

(B%) £R

RER, RABREM (of the utmost importance ZXEE)

(O3F) BEFPEE. & RM]ED

MIRRER -

- ASK THE BEST MINDS

26:16

45:49

15:46

2:31

17:41

20:23

42:46

49:46

19:19

26:16

8:24

R



7 3E bi R B & IFRIKANIZE - ASK THE BEST MINDS

FEMUEks EEEEN - 8 &

1. EHFEMOLEI T T HALR?
2. Tkilogirly X MTERMIETA? ERM T EHFNHE?
3. /REEASHIET = oA RN SIS, RBHFT7825EFKEMTA?

4. FFEEFBANERERRIER THARR? XSMTH4?

(&)1

. PFRIEZA IR B A 8EIL 20N BEAE ATESRI NS N E?

»

EAGEENRGIP, NBEFIMAZRD T 47

~

. BT ERN TRREAZE) 2B —MERFERERE?

[00]

T TAIREEEEESR), BEHMITETA?

W

EER
1. 185K GEHE, RIMOL LRERNSIEE (H0R), LRESKMK,

2. I81000R TMITER TE—/ It EE (5F4ER) . ZiiScomputer BRI aE2S, @B ITER ALt
A5 o

3. REE1F|7825M B ABER D MM EIRE, WE—RESEARTNEI=7tH; M/SUFEBANRERE
(5B13-14E8) .

4. (BURET) 120IBERATETA4E, REELAE T99%HE). TEINETESS (5F29E8) . X{E{FHaleski2
FlyspeckIflH, FR12EZMTER R,

5. BEETEIBIERREIEI/NSE, BARBHES; LeanfmiFRBMRIE, FETIMITERR, AR
EERT APMEE (5842-45F%).

6. MENZRINGSEFHNHAZETN, EZMDITHESTRBEBAN; AXBURBR. BSREEE
IE, RALUIR (5853-55E) , Hlasikam, AKEIMHIEREKA.

7. iEAIRF1000 £ BB E X EFPIRITH AT RINER (A0 THERIRI5%]), MEMERERE B

RIOF=T[E) (F66ER) .

8. RFKJLVFAIEBRZBANBFMIFENE AXMTE CSEEIAES, SNIESISHIITAI (564, 67
598

J5 3E B R MIRFEIE - B 56 T



