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Message from the Editor-in-Chief Z4RHIA

Dear Readers,

Welcome to a new issue of Science Focus. In the age of artificial
intelligence, it was tempting to write this letter with one of the pervasive
online tools, especially after reading the article on ChatGPT in this issue.
Nevertheless, there is much to be learned about how to ask the right
questions in order to prompt ChatGPT to do exactly what we want. In
addition, it is important to remember that we are still the main drivers in
knowledge generation, based on novel observations and discoveries.

In this post pandemic era, it has become common knowledge on
how vaccines triggered the production of antibodies to combat deadly
viral invaders. It turns out the structure of antibodies from alpacas and
their relatives is rather different from ours. Read more about how scientists
have leveraged on alpaca antibodies for research and therapeutics.
Staying with advances in biomedical science, you can learn more about
how medical devices can be removed by infiltration with a liquid metal,
and how our fingerprints are determined by a combination of genetic
and environmental factors. Many efforts have been made in reducing
the use of plastics, but how can we get rid of plastic waste more
efficiently? Some scientists found unexpected inspirations from insects
and bacteria. Finally, for those of you who play the game Wordle, we
provide a quick guide on how to maximize your chance of getting the
elusive green squares.

As we enter a new school year, | hope Science Focus continues to
be the bridge between recent scientific advances and what you learn in
textbooks. As always, we welcome your suggestions and comments via
our social media pages.

Yours faithfully,
Prof. Ho Yi Mak
Editor-in-Chief
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What's Happening in Hong Kong? & iB il bt i& &

Fun in Fall Science Activities % B 2858

Any plans for this Fall? Check out these activities!

FTEIFEEKRIGF ERE T IS ? AR LT &S !

InnoGarnival 2023

Under this year’s theme of "Go Smart! Go
Tech! Go Green!," this event organized by the
Innovation and Technology Commission aims at
promoting innovation and technology culture
in the community. The public can participate in
a wide range of activities, including workshops,
interactive games, and online seminars, with the
goal of boosting creativity. Thirty-seven program
partners, including universities, research and
development centers, government departments,
and organizations, will showcase their research

achievements at the Science Park.

Period: October 28, 2023 (Sat) -
November 5, 2023 (Sun)

Time: 10:00 AM - 6:00 PM (Sat & Sun)
10:00 AM - 5:00 PM (Mon to Fri)

Venue: Hong Kong Science Park

Admission fee: Free of charge

Remark: Quotas are limited for the pre-registered
activities on a first-come, first served basis.

The Shaw Prize 2023 Exhibition

Established in 2002, the Shaw Prize recognizes
currently active scientists with recent significant
breakthroughs in scientific research. Three prizes
are awarded annually in Mathematical Sciences,
Life Science and Medicine, and Astronomy. In the
exhibition, you can learn more about this year’s
Shaw Laureates and their scientific achievements.

Time: November 10, 2023 -
January 10, 2024
Venue: Main Lobby, Hong Kong Science Museum

Admission fee: Free of charge

Mars 1001

This sci-fi movie depicts the journey of astronauts
from different countries as they embark on the first
manned mission to Mars. It highlights the challenges
involved in the 1001-day mission to uncover the
mysteries of the Red Planet. While it has been over
half a century since the first astronaut Neil Armstrong
set foot on the Moon, landing on Mars is a much
more complex goal that requires advanced
technology and poses greater risks. This movie
portrays the exhilaration of finally achieving this
long-held dream of visiting other planets in person,
and the international cooperation that would be
required to turn fiction into reality.

Period: Now -January 31, 2024
Time: 3:30 PM and 8:00 PM (Mon, Wed to Fri)

2:00 PM and 6:30 PM (Sat, Sun and
public holiday)

Venue: Space Theatre, Hong Kong Space Museum

Admission fee:
Standard admission: $32 (stalls), $24 (front stalls)
Concession admission: $16 (stalls), $12 (front stalls)

Remark: Please refer to the museum’s website for more details.
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The Procrastinator's Guide to
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Machine Learning 101

Generating the Probabilities (Large Language
Model)



BE (learn)

FEB (predict)

BUUE (make)
Ef## (understand)
##f (do)




Creativity in Al

Falsehoods, Biases and Accountability
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Digestion of Polyethylene (PE) by
Wax Worms



Degradation of Polyethylene Terephthalate (PET)
by Bacteria
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THINKING OUT OF THE BOX:
REMOVIMNG MEDICAU DEVICES
WITH A LIQUID METAU

By Helen Wong E B

What happens when several drops of the liquid
metal gallium are added to an aluminum can? Our
high school chemistry class taught us that nothing
would happen. But if you wait for a while, you will be
surprised to see the can shatters into pieces with just a
single touch.

Are our chemistry teachers wrong? No. The
shattering of aluminum cans upon exposure to gallium
is not caused by a chemical reaction. Instead, it is
the result of a physical phenomenon known as liquid
metal embrittlement (LME).

Although a metal object (say an aluminum can)
may appear as a single piece, it actually consists of
many small crystals called grains. As shown in Figure
1, when the can comes into contact with specific
liquid metals like gallium, the latter can penetrate the
boundaries, or spaces, between the grains [1]. This
significantly weakens the cohesion of the grains and
hence the strength of the aluminum can, making it
susceptible to fracture.

Figure 1 The process of liquid
metal embrittement (LME) [2].

While LME has been a common source of metal
structure failure in industries such as aerospace
and construction, a group of researchers at the
Massachusetts Institute of Technology recently
“harnessed this failure mechanism in a productive
way [2, 3].”

Metals have properties ideal for making



biomedical devices: They are strong, durable, and
have excellent electrical and thermal conductivity.
However, a major problem when using metal devices
is the way to remove them when they are not required
anymore. This can possibly be done by surgery or
endoscopy (footnote 1), yet these invasive procedures
may cause additional tissue damage. Therefore,
the researchers started exploring devices that can
disintegrate inside the patient’s body after use.

Drawing inspiration from LME, the research team
experimented on the use of a gallium alloy called
eutectic gallium-indium (EGaln) for the dissolution of
different aluminum devices. Gallium stands out from
other LME-inducing liquid metals for two reasons.
First, it can prevent the formation of a surface oxide
layer on the aluminum device upon application. This
allows aluminum to react with water and enhances its
degradation via dissolution. More importantly, gallium
is biocompatible — acute toxicity studies showed EGaln
is non-toxic to rodents even at high doses.

The next step is to deliver gallium-indium to
aluminum devices, either directly or indirectly. The
former involves smearing EGaln paint onto devices
such as staples used to hold the skin together (Figure
2). This may appear trivial, but it is not an easy task.
Like water, EGaln has high surface tension that hinders
its ability to attach to and spread over metal surfaces.
Knowing that gallium oxide has a much lower surface
tension, the researchers applied a simple trick -
physically stirring EGaln beforehand - to increase the
alloy’s exposure to air and hence the ratio of gallium
oxide to EGaln in the paint. Alternatively, nano- and
microparticles of EGaln were produced for delivery
into patients’ bodies to trigger the dissolution remotely.
The team treated different biomedical devices
made of aluminum, such as staples on skin and stents
implanted in the esophagus, with EGaln suspensions
and found that these metal structures were broken
down shortly afterward.

Although gallium-induced embrittlement works
well for aluminum devices, what about devices made
of other metals? For instance, esophageal stents are
often made of metals such as nitinol, a nickel-titanium
alloy, instead of aluminum. To widen the applicability
of LME in the removal of biomedical devices, the
researchers have also been exploring the possibility of
creating dissolvable devices made of nitinol and other
metals commonly used in medical settings.

Figure 2 Smearing EGaln paint onto a staple to remove
the device.

It may take some time before these dissolvable
metal devices are ready for clinical use, but the
genuine creativity demonstrated in this study is
immediately apparent. While most people perceive
LME as a failure mechanism, the researchers thought
out of the box to turn such a mechanism into a
productive one. At times, good research does not
require highly sophisticated methods; a touch of
creativity can make all the difference.

1 Editor’s note: In addition to the camera to look inside the body,
various tools can be attached to the tip of the endoscope, such
as grasping forceps (for retrieving foreign objects), and biopsy
forceps (for performing biopsies).
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Alpacas and

Nanobodies

Eﬁﬁﬂ,\ml\jﬂﬂn

When we think of alpacas, the first

things that pop up in our minds may be

holiday farms or alpaca fleece. However,

if you ask a biomedical scientist, they may

have thought of nanobody, fragment of a
special type of antibody.

To appreciate why nanobodies are so special,
we must first understand what an antibody looks like
(Figure 1). A conventional antibody is composed of
two heavy chains and two light chains. These chains
are joined by disulfide bonds to form a Y-shaped
molecule. The two tips of the Y-shaped antibody
are called variable regions, which are responsible
for binding to a target antigen. Variable regions of
antibodies literally vary greatly and they determine
what antigen an antibody will bind to. In addition to
conventional antibodies, members of the camelid
family, such as alpacas, camels and llamas, also
produce a special type of antibody that only consists
of two heavy chains [1, 2]. Nanobodies are the
variable regions of these special antibodies.

Figure 1 Structures of (a) a conventional antibody, (b) a
camelid heavy chain-only antibody, and (c) a nanobody.
(L: light chain, H: heavy chain; gray: variable region, purple:
constant region)

By Helen Wong E B 75

It did not take long for scientists to notice
the great potential of nanobody after it was first
discovered in 1993 [1]. While exhibiting exceptional
specificity, stability and solubility, these antigen-
binding domains are only one-tenth in size compared
to conventional antibodies [3]. All these unique
features make nanobodies a promising therapeutic
and imaging agent ... but wait, how could we
generate the nanobodies we want in the first place?

You may already have an answer by now. Yes,
alpacas (though other camelid family members
could also be used)! In a typical screening process [4],
scientists would first immunize alpacas with different
antigens to induce the production of respective
antibodies by their B cells. After extraction of alpaca
B cells and their mRNAs, scientists would reverse
transcribe the mRNAs to synthesize double-stranded
cDNAs. Then, specially designed primers are used
to amplify the DNA sequences coding for the
variable regions through polymerase chain reaction
(PCR). Next, scientists would introduce recombinant
plasmids carrying different variable region sequences
to phages (a type of virus), causing them to express
respective nanobodies on their surface. Phages
displaying nanobodies that could bind to target
antigens would then be selected, and the DNA
sequences coding the nanobodies of interest can
be revealed by DNA sequencing. With this piece of
information, we can genetically engineer Escherichia
coli bacteria to mass-produce the nanobodies we
need [5].

Figuring out the distribution of cancerous tissue in
a patient’s body is crucial to cancer diagnosis and
subsequent treatment. To image a tumor tissue by
positron emission tomography (PET), a detectable
radioactive tracer (probe) that specifically binds to
the target tumor antigen is needed. Undoubtedly, a
highly specific nanobody is an ideal probe. To detect
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the nanobody, scientists devised a smart solution
of tagging the nanobody with radioisotopes like
fluorine-18 or zirconium-89 [6]. The reason why
nanobodies are preferred over conventional
antibodies is because of their small sizes. Being
small allows nanobodies to easily penetrate tumor
tissue, thus potentially revealing a larger number
of cancer cells in hiding.

Similar to conventional antibodies,
nanobodies can be applied as therapeutic
agents. In 2020, a group of scientists from Sweden
reported an exciting discovery that an alpaca-
derived nanobody could neutralize SARS-
CoV-2 by blocking its interaction with a host cell
receptor, hence preventing the virus from entering
and infecting the host cell [7]. Nanobodies also
hold promise as potential cancer therapies.
Scientists have been developing nanobody-
based drugs for colon, breast and liver cancer [4].
They believe these drugs could block important
cancer cell signals, or act as delivery vectors
of chemotherapy and radiotherapy to deliver
molecular drugs or radioactive compounds to
the tumor, to kill cancer cells.

Beyond disease-related applications, scientists
also use nanobodies for live cell imaging. By
fusing alpaca nanobody with a green fluorescent
protein, researchers were able to visualize the
actions of target proteins during immune response
in real-time [8]. Structural biologists are fascinated
by nanobodies, too. They have used nanobodies
to help determine protein structures by X-ray
crystallography (footnote 1) and cryo-electron
microscopy (footnote 2) [9-11].

The above list is definitely not exhaustive;
scientists are still actively exploring other amazing
applications of nanobodies. Next time when you
visit an alpaca farm with your family and friends,
don’t forget to share with them the wonders inside
these cute creatures!

1 X-ray crystallography: A common technique used to find out
the three-dimensional molecular and atomic arrangement of
a crystallized sample. The sample is exposed to X-rays and the
resulting X-ray diffraction pattern can be used to determine the
sample’s structure. However, preparation of crystallized sample
could be challenging, and nanobodies is a tool to increase
crystallization probability [10].

2 Cryo-electron microscopy (cryo-EM): A method that uses frozen
samples and less intense electron beams compared to traditional
transmission electron microscopy, in which biomolecules may
be burned or destroyed by the high energy electrons [12].
Nanobodies allow the study of small proteins (<100 kDa) by cryo-
EM, which was technically challenging in the past [11].
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BHEARARGES —NMEZ JERIUEAENEL:
EMPRENEAEBNRES - BREFRNEZIN 5 Bk
MEFEREMSMT S RE—TZEAMIRERAMRR
e [1, 2] Mk EmMERE ER R nENTERE -

E— (a) B#niE  (b) BEREBYRABEENNEL (0 =K
s (L &K% H. 5 ke . o e E&)

£ 1993 FRIBRKNEBEARX REREEITIEH
EXEN [1]- BERRESEH (BRRESHHD ) AB
AEFNNE—M BESRNMARE sANANMIR
BHmmENToZ— B] UEBUHHERRNEFTER
AN —REYMNBELH.. S5 ERTELEERMBE
KNSR ?

ROPHACHER - 2N HE2FE (BEEBBEM
REMBVREERANELT)  FRENREBRED
[4] REXEEEEIFAENER FEFRR B AAREE
HEREE - EIREUB Al R E mRNA & - RIBXE L



mRNA 87k & G % (cDNA / complementary
DNA) - REERSHEH#ERE (PCR / polymerase chain
reaction) PEAEFIRF NS IMEHTEZERN DNA &
- #E REBRERBTARTUEEFINEHSHSI
ABEE (REN—E) REMEEREBREREOR
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FER L ERRREEN DNA B3l - B T EIEEN - F M
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positron emission tomography ) A% fEfE 48 & - 31
REBOWRRM S B (RE)  TBREEE—M
HAZERTNRAES =8RG BEASEE—MHHNERK
MEBEREENRE - BTERKNEBLREA - B2
RRRE T —EILYNERSE fEllam -18 ik -89 &
SR RIR R ROKTUAR [6] - ROKTIERLEBE RIS
BB ZETEREEMN ) EERRNESUKRTERER
A WIS E S BRI EAR -

RAMBREFANE K UERRAERRE- &
2020 F mEMBRERE T—HEAEBAOREER . —&F
SERERRORMETLIBBIEE SARS-CoV-2 B2 75 £ 4l
MERENAEERRPNFEEANRBS KM LLRSE
AMEBRBEEARE (7] RNBNEEA BT —EE
BA-SEL NBER-EHERBRHBEEE ILENME
RRARMEBEY) (4] thABEEELEYEREERNE
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BRTYEERAEBNERSN REBRMIRETARKE
(live cell imaging) FERRAKTNEE - BBBFERIK
miEEgeEAEAMES MEAEFEEEFEH=EESE
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RO M AERAKMBENENTES X HREBE (5
—)FREEFEME () REETEEELAE [9-11] -

RAMBEEBAREBLARKNVAR EESK BER
MEBBRRRKNENEMER SUEE BMER
ARR—E2EBFEEER IS TNtMIZTELEIE
EMNTVZE!

........................................................

1 X 4R EREER (X-ray crystallography) : —@RARKLEREL=#DF
MRFHIINEARM - ZASREEE X HRT EEN X HRTHEY
AREERANERE - M EBEERELANEREE —EREL RAKR
BeIEIFRERMMR BN R MINER [10] -

2 RERE T EM M (Cryo-electron microscopy / cryo-EM) : EREHKE
HEFRMTE £Y0 FULESHSHENEFIRENBIR MYREF
BRI RS RERNRERENEFR [12] - BEWR/NEAE (<100
kDa) kit HBEH B BIRER KN BEBREBENBRBBLRE
FEMMHR/NELE [11] -
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FingerPrints:

The key to Our Individuality

By Charlton Sullivan &#% #E

Introduction

Before we delve into the complexities of blood
tests and DNA analyses to identify who we are, society
has already made a simple yet straightforward
method that we always see in movies and when we
are crossing the border: our fingerprints which are
also known as “friction ridge skin”. Just like our faces,
fingerprints are key to our individuality and identity. But
have you ever wondered why each of us has unique
fingerprints? The answer lies deep in the interaction
between our genes, especially those that control limb
development, and the environment. This results in the
formation of unique dermatoglyphic patterns which
can be classified into three categories: arch, loop, and
whorl (Figure 1).

Figure 1 The three categories of fingerprint: arch, loop and
whorl.

Fingerprint Formation

There are multiple theories supporting fingerprint
development but dermatologists believe the folding
hypothesis is the most promising one
[1]. Skin tissue consists of three
tightly connected vertical layers:
epidermis, basal layer and
dermis. The different rates of
cellular growth in the top
epidermis and the bottom
dermis create a tension across
the fast-growing basal layer,
resulting in the folding of the
basal layer at individual sites
to relieve the stress (Figure 2)

1 I
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Figure 2 Schematic diagram of the folding hypothesis [3]. The
three vertical layers are epidermis (top), basal layer (middle)
and dermis (bottom), respectively.

Figure 3 Ridge formation through the combination of the
centers of cell proliferation [2].

[2, 3]. Cell proliferation continues at those sites while the
folds combine and merge into clusters to form linear
ridges in a rather random fashion, creating the unique
pattern of wrinkles in our fingerprints (Figure 3) [2].

Volar pads are well known to play a role in
determining fingerprint pattern. They are transient
tissue swellings present on certain areas of our
palms, including each fingertip, during embryonic
development (embryogenesis) (Figure 4). Coinciding
with the process of ridge formation, these structures

start shrinking from the 10th week [1]. The shrinkage
introduces extra mechanical stresses across the
skin, affecting the directions of ridge formation [1].
Scientists generally agreed that the height and
size of volar pads can influence the pattern

of fingerprints [2, 4]. Whorl-type patterns are

',
X



Figure 4 Volar pads on the palm during embryonic
development are highlighted in light gray.

usually formed on high volar pads whereas low volar
pads produce the arch-type pattern. Intermediate-
height volar pads create the loop-type pattern.

Then, how do genetic factors come into play? It
was illustrated that the geometry of volar pads can
be controlled by genes [1]. For example, EVIL, a limb
development gene responsible for the outgrowth of
distal limbs and digits, was found to express under the
volar pads. It was hypothesized to influence fingerprint
pattern by controlling the shape and size of the volar
pads through its function to promote cell proliferation,
as in the distal ends of the developing limbs [4]. This also
provides insight into the correlation between fingerprint
pattern and limb-related phenotypes [4]. Researchers
discovered that individuals with whorl patterns on
both pinky fingers often have a longer pinky finger
compared to those with no whorl pattern on pinky
fingers; the frequency of whorl patterns on the fingers of
both hands (except the thumbs) is also associated with
longer pinky fingers [4].

Exception: The Family with No fingerprints

We have often taken fingerprint technology for
personal identification for granted. Fingerprints are
a huge part of our identity in modern society, with
applications in mobile phones and immigration.
Nevertheless, Apu Sarker’s family in Bangladesh has
no fingerprints due to a rare genetic mutation in
the SMARCAD1 gene, causing Adermatoglyphia or
“Delayed Immigration Disease” [5]. Luckily, it does not
cause any serious illnesses, but the family encountered
difficulties in their everyday lives because fingerprints
became mandatory when obtaining driving licenses,

sim cards, and passports. As a result, they could not
obtain a driving license nor purchase a sim card for
their mobile phones. In Apu’s ID card when he was
still 10, he was labeled with “NO FINGERPRINT” as the
government officials had no idea on how to issue a
card without the means for personal identification.
With the advent of modern technologies, such as iris
scan and facial recognition, let us all hope those who
have such genetic conditions would not unintentionally
be discriminated against in the near future.

Interesting Fact: Do Monozygotic Twins Share the
Same Fingerprints?

Have you ever wondered whether identical
twins share identical fingerprints? Although they are
very similar in appearance
and contain the same
DNA sequence, they
have slightly different
fingerprints that are
significant enough to
be captured by the
modern recoghnition
software [6]. Aside
from the randomness in
the fingerprint formation
process, small differences in
umbilical cord length, womb
position, blood pressure, nutritional
intake, and the rate of finger growth
during the 13th to 19th week can
still influence fingerprint formation
as a result [6]! This highlights
the importance of how
environmental factors apart
from genetics also play
an essential role in
determining our
fingerprints.



Conclusion

Our fingerprints are an important physical trait
that can define who we are as individuals. The
unique pattern formed during embryogenesis persists
throughout our lives from the 19th week of gestation
[3] and remains the same even after we die (until
decomposition occurs). Its formation is dependent
on the interaction between genetic and variable
environmental factors, which ultimately give rise to
our unique fingerprints: the key to our identity and
individuality.
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A Crash

Course in

Information Theory

BAEHI101

By Sonia Choy % Hi

The game Wordle took the world by storm last year
- you might have seen your friends posting green and
yellow boxes on social media, claiming that they have
solved this daily word puzzle in three guesses, or that
dreaded “X/6,” which means that they didn’t manage
to crack it. When one considers what first word to
guess, it might be tempting to randomly put a five-
letter word at the beginning, but this can actually be
reduced to a scientific question. It is not hard to see
that some words would be a better first guess than
others; for example, the word “FUZZY” would be far less
ideal than “RAISE”, since the letters in the former occur
far less often than the letters in the latter. What, then, is
one’s best shot at cracking the puzzle?

What Is Wordle?

We are assuming readers know how Wordle
functions. For those who do not, here is a quick crash
course.

Wordle’s database is made of 2,315 five-letter
words picked by the creator of the game as solutions,
and a pool of approximately 13,000 five-letter words
that are valid guesses (which include the 2,315 words
above, and many more words that are not commonly
used) [1]. Each day, one word from the database is
selected to be the answer to the puzzle. If your guess
has a letter that is in the word and in the same position,
the letter box shown will be green; if the guess has a
letter that is in the word but not in the correct position,
the letter box shown will be yellow; otherwise the box is

gray.
How to Define “Informative”?

To give a satisfying answer, we first need to quantify
what is meant by “more useful”. A “useful” guess
gives us more information; but how do we quantify
information? Luckily for us, this was done in the 1940s
by Claude Shannon, the father of information theory.

Shannon defined information by the following
equation: 1 = logz(ll) , where p is the probability of the

P

event happening. You may ask, why the logarithm
function? Recall a property of the logarithm from
high school: log(a) + log(b) = log(ab) . If we have two
independent events happening each with a
probability of p:» and p: respectively, then the
probability of them occurring together is pip2, or:

I + I = loga(—) + loga(—) = loga(—) = I1a
P P2 P1P2

So the multiplicity of probability is captured in the
amount of information it gives. Information is typically
measured in bits; in the case of Wordle, it basically
means how many times a word can reduce the
number of possible choices into halves.

It is rather unlikely for “FUZZY” to be the first hit.
Suppose it returns five gray squares — what information
do these squares give us?

Using the above two first guesses (“FUZZY” and
“RAISE”) as an example, the probability of “F” occurring
in an English word is approximately 2.2% (Table 1) [2], so
the probability that it does not occur is 97.8% or 0.978.
We can find out the probabilities for each letter in our
guesses, and decide that the combined information
“FUZZY” gives is 0.093 bits (footnote 1):

1 1
I= lUﬂz(m) + 10512(@) + loga(

=0.093

Bl

) + loga(~—
09241.99926 0.980

1
0.99926

What if “RAISE” turns out to have all five gray guesses?
We have: . . . .
I =logy(=—=) + loga(=——=) + logs(——==) + l0gs(=—==) + loga(=—=)

0.940 0.918 0.930 0.937 0.87
=0.61
oner | cfclaive | Loer | folaive

F 2.2% R 6.0%
U 2.8% A 8.2%
z 0.074% | 7.0%
Y 2.0% S 6.3%

E 13%

Table 1 Selected relative letter frequencies in English language
(footnote 2) [2].



Note that the more unlikely an event is, the more
information is provided if it occurs. For example, the
letter E is more unlikely to be absent in a word than
the letter Z, so the missing of the letter E can narrow
our search down very much. In other words, the
corresponding information a gray square E gives is
more than a gray square Z after a round of guessing.
This is why obtaining five gray squares when guessing
“RAISE” would be more informative than obtaining five
gray squares after guessing “FUZZY”.

Shannon Entropy and the Information Provided by
a Guess

The calculation above gave us a sense of how
informative a guess could be if we unluckily got five
gray squares. However, in some cases, we may get a
mixture of gray, yellow and green squares, say gray-
yellow-gray-gray-gray, or even green-yellow-gray-
gray-green. By analyzing the list of 2,315 answers, for a
single guess, we can come up the exact probability of
getting each possible pattern, and its corresponding
amount of information under that pattern.

Taking all cases into account, we can calculate
the weighted average of all information given by a
word. This average is often called Shannon entropy,
which is not directly related to the entropy in physics.
Then it is possible to rank all words by the information
it provides in the first guess. This has been done by
multiple people, including the YouTuber Grant
Sanderson (3BluelBrown).

What Are the Best First Guesses?

The first guess that gives the most information
is “SOARE” (5.89 bits), an obsolete term meaning
a young hawk [3].

Can we do better? We can also look at
the next few guesses. Wordle is not just a one-
guess game; your next guesses also matter,
and it can be useful to see how the next
guess plays out when you use your first
word. By also considering the average
information obtained from an optimal
second guess, we get that the best first
guess is “SLANE”, a type of spade in
Ireland, giving an average of 10.04 bits in
the first two guesses [3].

Some readers may also be concerned
about winning Wordle with a minimal number
of guesses. With the top 250 first guesses
generated by considering the first two
guesses, researchers ran a simulation to find
out the actual performance of these guesses
in the 2,315 games. They found that, “SALET”,
meaning a medieval helmet, is the winner,
with the computer winning the game in an

average of 3.412 times out of six [4].

But truth be told, the first few contenders are a
close race. If you are looking for a word for your next
first guess that isn’t too obscure, “CRATE” is a good
choice that is not too far behind the above list of
obscure words, giving 10.01 bits of information in the
first two guesses, and passing with 3.434 guesses on
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average [3]. We are not suggesting that you recite the
list of possible solutions and analyze every move like
a computer, but having a good first guess should be
a good way to start off the day with a good shot at a
puzzle.

1 Editor’s remark: The second letter Z can indeed provide extra
information. If both your guess and the answer contain two
identical letters, say “FUZZY” and “WHIZZ”, both boxes of Z’s will
turn yellow and/or green to confirm that the answer contains two
Z’s.

2 Editor’sremark: The source of text (e.g. general documents,
dictionary) can affect the values. Table 1 shows the frequencies
of letters that appear in English documents of all types [2]; a more
accurate way of estimating the probability in our case is to check
the probability of each letter appearing in each slot according
to the list of words in the New York Times code. For simplicity’s
sake, values concerning the general English language were used
here, but the more accurate way has already been done by the
YouTuber Grant Sanderson (3bluelbrown) [3].

&4 ¥R Wordle BV EHB 23K KRR
Ry —EFEEEE SBMXBRITTBIGE - RO
RBRASRECRB/ =ZRUCERHRERHE  UEK
ZHBMBRERRBEL X/6, URIFG  REEBHERX
ME- BHMDEEREEEFRG LR HPOFS
Rt E—ROErESRNESREFREEZR BHE
EHEER ENEHE HPHARSEEBELEEFIERIR
g HERPEERNBAEREFN  EWEE "FUZZY, &L
"RAISELAE  ERAIE RN FREICEE LM B0
MEEFT2EERMRLEBNREREZER?

EFEE Wordle ?

MR EE AE Wordle WEEA I BMRRAR
MEBEARE LU E2BALR -

Wordle NEUBERS 2,315 EHFARENE  LEF
BRELSEENET WAKRM 13,000 AR AFKELE

ENBNEF (BERT 2,315 BAEAZENEFIH EE
B2 AEHNES)[1] - BREA S EEIRE M —E
BEFREXRBENER IRRBENEFEZEREAR
NFE M FRURIEROUE E ZH RSS2 REE,
MR BUERER ZHBRERRES, MERIDR
BEEZFE HRAgE2RXE-

BR7ER?

RED FEER - BANEE1E BRI EEESR T8
LB A B MEZEN ERMAERSCERNR?E
A2 R Claude Shannon EE# 1940 =R & H M
fRRIEE R RE -

Shannon AT A EREN: 1= loyz(]%) p mBIEE
SRR ROEER . REEZE Y R E (logarithm
function) IE? B —TEFREMEBBHHEER:
log(a) + log(b) = log(ab) - YIRBEM A BIISH - M= EAERW
EAR% pr A p2 - BEM IR E &R LIRS ZE prp2-

R 1 1
2L+ L =logs(—) + loga(—) — S =T
P1 D2 P1D2

SHREMRPBEREBMUIFREFRANALAEN
S¥EHE EMERAIT (bit) ; 7 Wordle BEKRE—
EEFREERESHE M/ N —FRRE -

TFUZZY, AKO e R M — 2 - RN TE L hE
KBFTERNE  BETEAETRMEEZEN?

L EMEH MBS —RIBRANVET ( "FUZZY. M
TRAISE. ) ERAIF "R EENBEFELRWEBERNS
2.2%(=—)[2] EtER BRI RS 97.8% 5 0.978 -
EMoUK R EFPREFESBHIRMNHTE  ABEL
"FUZZY, AR ERESR 0.093 Iyt (55—) :
1 1
I= l(){]g(m) + l()_(]g(m) + logs(
=0.093

MIWRRAISE,; E ARKE S BIE? ENER:

1 1 1 i 1
I =logs(=——=) +loga(——=) + logs(=——==) + logs(——==) + loga(—=)

= logs(

1 1 1
N SN ) N N O el
o906 T 1% (0036 + 09 (gs0)

0.940 0.918 0.930 0.937 0.87
=0.61
Fi RS Fi HREE

F 2.2% R 6.0%
u 2.8% A 8.2%
z 0.074% | 7.0%
Y 2.0% S 6.3%

E 13%

x"— HAEE-LEFHROEIREE (1) (2]
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