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Abstract

This is a quick introduction to the Isabelle/HOL proof atasi$, aimed at mathematicians who would
like to use it for the formalization of mathematical results

1 Introduction

Interactive proof assistants are special programs, which make it pogsitheck mathematical results up to a
nearly absolute level of certainty. Clearly, computers cannot readratetstand natural language, and even if
they could, a typical textbook proof usually omits some details and cannadtedras absolutely rigorous. To
check the proof in an automated proof assistant, you need to write it uspecabklanguage, understandable
by computers. This “translation” to computer language is called the formalizatiive proof.

There are many proof assistants with different languages and undgltgits, and the first step is to
choose a particular one. Suppose that you chose the Isabelle/HOLgsgistant and want to learn how to
formalize using it. The obvious first step is to download the tutorial [1], amghould certainly be done.
However, not everyone will want to read a 218-page tutorial beformélizing the first simple lemma. In
contrast to the tutorial, this primer is aimed to help you start formalizing immediatedyleann the Isabelle
language (called Isar) in the process, based on examples. Sometimesehawve will still refer to the tutorial.

You can work with Isabelle directly, or use a graphical user interfaée highly advised to use a graphical
user interface, and the recommended interface is the Emacs-based3erwafl, distributed with Isabelle.
From now on | will assume that you use this interface.

First, you need to install Isabelle with Proof-General on your computee. ifistallation process depends
on the computer platform you use. All the programs and instructions caaupel fon the Isabelle website
http://isabelle.in.tum.de/ and in the tutorial. Supposing you have installed the pragreectly, you are ready
to work. Let us start!

2 A First Lemma

If you open Proof Generglyou see an empty window where it is possible to enter text. This file is automatically
called Scratch.thy. The whole Isabelle library consists of files with the ewterithy”, which are called
theories. A theory in Isabelle is just a collection of definitions, lemmas andahexiike chapters in a book.
Dozens of theories are installed with Isabelle on your computer, and yausesany lemma from these theories
to derive your results. More important at this stage is that you can usettiesries to study Isar - the language
of Isabelle. Instead of reading hundreds of pages of tutorial, let'®pet some theory and see what is there.
To open an existing theory, you use the Fi#eOpen File command in the menu, then choose the folder
where you installed Isabelle, thensrc > HOL, and here is a huge theory collection. Let us, for example, open

1Run the “isabelle emacs” command in the corresponding directory
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the theory Fun.th§; in which basic notions about functions are introduced. The theory stihtsome com-
ments and explanations of what is done here, embraced by open paresstiae and star-closed parenthesis,
like this:

(*comment*)

As you have probably guessed, in such comments you can write whatevesayt, and this will not affect your
proofs. Other allowed syntax for comments e {*comment* }, -- {*comment* }, --"comment’ . Because
large formal proofs are sometimes hard to understand, it is desirable toswecitecomments, but for now we
can omit them together with the optiorirelader command and look further, where the theory actually starts.

theory Fun

Ok, this is easy. So, every theory should start with keywiogory followed by the theory name. We can open
Isabelle in a new window, and write similarly:

theory MyFirst
The next lines in Fun.thy are

imports Complete  _Lattice
begin

Clearly, the commanbkegin just starts the theory. The commamgorts requires a little bit more explanation.
Theories in Isabelle form a huge directed graph - some theories “imposf oties to refer to their results and
definitions. You will need to import at least one theory, otherwise you wikeh@ prove everything from
scratch. You can import several theories using a command like

imports  <theoryNamel > <theoryName2 > <theoryName3 >

but importing a theory obviously means importing the whole hierarchy behineiefibre it is usually enough
to import just one theory with a rich enough parent hierarchy. For a #tangy be a good choice to import
Main.thy, which accumulates all the basic theories in arithmetic. So, let us writeamytiMyFirst

imports Main
begin

and look at the example Fun.thy again. After the commiegih , we can see some comment of the form
text {* .. * } ,whichwe willignore, and then finally we see the first lemma of the theory.

lemma expand _fun _eq: f =g+ (W fx=gx)"

From this example we see, that every lemma starts with keylsrda followed by the lemma’s name, a colon
., and the lemma statement in quotes. Clearly, the name of the lemma is given ferrefierences. Let us
ignore this lemma for now, and start with something which seems to be easiervty anal write

lemma two two: " 2+42=4"

Now, we want to prove this lemma. The statement which we want to prove is caliedl. If we look at
Fun.thy, we can guess that text following every lemma is the proof. First lempandfun_eq has a 4-line
proof, which looks like

2Here we use theory Fun.thy from Isabelle2009 as an illustrative examapéxplain theories organization in Isabelle. In future
versions of Isabelle this particular theory can be modified, renameieorremoved, but this is not important for the Primer.



apply(...)

apply(...)
done

This is one of the general proof strategies in Isabelle. The comamhd means that we want to apply some
method to prove our goal. After this, the goal is usually simplified, and we ngthar method to proceed.
When the goal is proved, we write commadtahe . But for our simple lemma we do not expect a long proof,
we would prefer to prove such a statement in one step. So, let us looksedbed lemma in Fun.thy

lemma apply _inverse:
fx=u =(Vx Px =g(fx=x =Px=x=guU
by auto

You can see, that the whole proof here is just the phmassuto . auto is a method which tries to prove the
statement automatically. This method combines logical reasoning and arithmesiotnaations to simplify
the goal and ideally prove it completely. Commadayds just a replacement for two commarepply anddone,
namelyby(method) is the same aspply(method) done . It requires the method to solve a goal completely,
and will fail otherwise. Also, from this example we can see, tiyabuto can be written without parentheses.
Ok, let us try to prove our simple lemma similarly:

lemma two _two: "2+2=4" by auto

Next step is to check in Isabelle that the proof is correct. We can click ooffenerat> Next Step in
the menu. This is the same as clicking on the right arrow on the tool-bar patddglow the menu. If you
click once, you see that the start of your theory has a different caloich means that this part is checked
and no misprints found. We will call this checking process “executionyolf click a second time, the lemma
formulation is accepted, and if you click the third time, you will see the medSailgd to finish proof
At command by in the window below, which is called the Proof General response buffer.

The usual strategy in this case is to replbgdy apply and see how faauto can proceed. But in this case
we will see the messagepty result sequence -- proof command failed At command "ap ply" . This
message indicates that the method cannot make any progress in solvingitaadjtence cannot be applied
here at all.

So, does it mean that we cannot prove even such a simple lemma automaticallyate® Clearly, in this
case formalizing serious mathematical results would be completely impossibléailésa-ortunately, this is
not the case. To see the problem, let us go back (left arrow on the topkbal), then try again, but execute
only the lemma formulation (click only once on the right arrow on the tool-baepamd look at the response
buffer (window below).

proof (prove). step 0
goal (1 subgoal):
1. (2ra)+(2:'a)=(4:'a)

The lineproof (prove): step 0 just indicates that the proof starts, then Isabelle shows us how it under-
stands our lemma. Symbol indicates the type of the object. The point is that we often use the same symbols
in mathematics to indicate formally different notions. Of course, this is completegaeptable in formal
proof systems, and therefore every constant or variable has a thjpeh atearly indicates what we mean. For
example, we use the symbol “2” in mathematical text to indicate a natural nureeenumber, complex num-
ber, or even, say, a label for a vertex in a graph, where 2+2 is ot dgfined. Symbdh denotes dype
variable, meaning that the system understands that 2, 2, and 4 are meant to hasentheype, but it has no
idea what this type is. Sometimes this works: for example, if we write the leBshawe can easily prove it
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by auto, because this lemma is true for every type. So, formally, we wanteatéoosir lemma about natural
numbers, but we stated a much more general lemma, which in general isitcand this was the reason that
we could not prove it.

The type for natural numbersnat , and we can correct the lemma as follows

lemma two _two: "(2::nat)+2=4" apply auto

Notice that we need to specify the type only once, and Isabelle automaticdkysiands that the second
2 and the 4 are also natural numbers. Now, if we execute the lemma formuiatstiows the correct goal
2+2=4 3 and after executingpply auto we get a messagdo subgoals!  which means that the proof is
finished, and we can either tydene or replaceapply with by, finally getting

lemma two _two: "(2::nat)+2=4" by auto

Now, we can writeend at the end of file, and save the file choosing EileSave as. There is a special
condition that theory name is the same as file name, so we should save oyntitaarame “MyFirst.thy”.

21 Summary

e Mathematical knowledge formalized by Isabelle consists of theory files *uthigh form a theory hier-
archy by importing each other using the commangbrts . Syntax: each theory starts with keyword
theory followed by the theory name, the commaingborts , thenbegin , followed by the body of the
theory, ending wittend.

e The body of a theory is a collection of definitions, lemmas and theorems. Eamma consists of its
statement and proof. Syntax: keywdechma, then lemma name, then then the lemma’s statement in
guotes, then the proof.

e The proof may look likeapply( <method -1>) ... apply(  <method .n>) done . As we incremen-
tally execute such a proof we can see what is left to prove in the respfifge. Syntax: the last
expressiorapply( <method _n>) done’ can be replaced byy( <method -n>).

e auto is a method which tries to prove the statement automatically.

e Every constant or variable in Isabelle has a typt is the type used for natural numbers (syntax
example:(2:nat) ). We can use Isabelle Settings> Show types in the menu to see all the types in
the response buffer.

3 Main Notations

Now, let us have a closer look at lemmas in Fun.thy to learn the main notationsieétiedle language. Let us
start with the first lemma exparfdn_eq:

lemma expand fun eq: " f=g<+ (WX fx=gx)"

First of all, you can see that the lemma’s statement uses some mathematical syhiblolgou cannot see
on your keyboard. You can type such symbols using the Math menu, lmutldwot say that this is convenient.
In the appendix of the tutorial there is a very useful table which shows élygewvrite most symbols using the

SNow no types are indicated in the gdai2=4. The type-related error described above is very typical when woikingabelle,
so if you have an error and do not know what is the reason, choabelle> Settings> Show types in the menu, and try to execute
again. Now you will see all the types in the response buffer, in partidalayr case, the goal will b@::nat)+(2::nat)=(4::nat)



keyboard in a natural way. For example, the arrew can be written as-=>, or even\ <Longrightarrow ~ >.
Notations like==>, which is called ASCII notation, are more convenient and will be used inebieaf the
primer. If menu option Proof-General Options> Unicode Tokens is turned on==>" will be automatically
transformed to 2=-" each time you type if. You will get used to such notation very quickly and it will be
absolutely no problem to understand mathematical text in this form. | wouldmeemd to print the table with
ASCII notation from the tutorial appendix now, and have it available until get used to it.

In this notatiork— is written as<- >, V is denotedALL. So, the lemma expanfdin_eq can be written as

lemma expand _fun _eq: "f=g <-> (ALL x. fx =g X)"

Now all the symbols are present on the keyboard and it is easy to type this lemiftae meaning of the
lemma is obvious: two functions f and g are equal if and only (i) = g(x) for every argumenk. Notice
that f (x) can be written without parenthesis. More complicated expressions wittidnacan also be written
without parenthesis, but you should be careful here: for examppeessionf t u meandf t) u  (and not
f (t u ), and can be used to denote a function of two variables f(t,u). In confftag  is not a function
of 2 variables, becauqeu) denotes a point in product space, with first and second coordinaties ted
andu, respectively. Also, you should know the priorities of different ofierss: expression f x + y means (f
x) +y and not f(x+y); equality has a high priority and& B = B & A (symbol & means “and”) means
& (B=B) & A not(A & B) = (B & A).In general, the priorities of the main logical binary connectives in
decreasing order are &,(“or”), -- >, and they are associative to the rigAt:-- > B -- > CmeansA -- >
(B -- > (). You can find all these and many more rules and examples of this kind in thelEsgutorial, but
I would recommend you to use parenthesis when you are not sure. Mvsiti(A & B) = (B & A) this
clearly indicates what you mean, and moreover looks nice.

Let us return to the lemma’s statement. The phrase “for all x, we havegi(x)=is written asALL x. f
X = g X, where the period.” replaces “we have”. The period is always used after any quantifiet,we
can writeALL X y z. x+(y+2)=(x+y)+z instead ofALL Xx. ALL y. ALL z. x+(y+z)=(x+y)+z . Another
important use of period is in function definitions. For example, to definetifumd (x) = X+ 1 we can write
f=( %x. x+1) . Itis important to always leave a space after the period, or expredgier’d L x.x or %x.x
will be understood incorrectly. Moreover, to be safe, | would recommeadng a space after every special
character. For example, the existential quantifigrdenoted as? should be followed by a space “x”
because the expressioPx” has a completely different meaning. It is used $dnematic variables, which can
be instantiated arbitrarily. For example, the mathematical thearairis represented in Isabelle as=?x ,
which means that you can instantiate this variable to any term of the given type.

Now we understand all of the notation in the statement of the lemma exXpareh, so let us move to the
next lemma in the Fun.thy theory, the lemma apiplyerse, which in ASCII notation takes the form

lemma apply _inverse:
fx=u- >ALX Px- >g(fx)=x- >Px->x=gu

This formulation is a little bit less intuitive. Expressi®x here can be understood as a predicate, i.e.
for everyx expressiorP x is either true or false. Formally, this can be a function with Boolean values, or
equivalently just a set, and in this case the notafionis equivalent toc:P , which is the ASCII abbreviation
for xeP. In Isabelle there is a special syntax, caletd, which can be used to define relevant types: for example,
any set of natural numbers has the type set . To define a set explicitly, we can use notation of the fofm “

x is such that.}.”, or even of the form {f(x,y) | X y. x and y are such that}’. For example, string®::nat
set andP = {x. x >10} define the set of all natural numbers greater than 10.

4This is your choice, but | personally prefer to see on the screen exaletly| typed, therefore | usually turn off Unicode Tokens
in the menu, and just use ASCII notations
SRecommended ASCII notation dfis EX



Now all the symbols are understandable, but it may still be not obvious hosatbthis lemma, which has
the form of a long logical formula. The point is that expressfor > B -- > Cis logically equivalent to
(A & B) - > C, and the same is true for longer expressions. Thus, lemmas with assunfatiéss ..., A,
which provesB can be writtenagy - > A, - > ... - > A, - > B. Now we can easily read the above
lemma as follows: assume that (1) f(x)=u, (2) for every P we have g(f(x))=x, and (3% € P. Then g(u)=x.
Now we can see that the lemma is obvious, and it is not a surprise that it iscobaonvomatically.

After two auxiliary lemmas, theory Fun.thy contains some definitions, the fisshath looks like

definition id = "'a = 'a" where "id = ( Ax. X)"

This defines an identity function f(x)=x where x is a variable of any typmeACSII notation=- becomes
=> andA becomes %. We can see, that the keywdafahition is followed by the name of an object we want
to define, then after we indicate the type of this object, and then afteere we list the defining equation of
this object. We already know that arbitrary type is denotethythus the function froma to’'a has atypéa
=> 'a . Then, aftewhere we specify that id(x)=x by writingd = ( %x. x) .

Let us use this example to construct our own definitiohyfirst.thy , for example, to define a class of
functions from real to real, which are nondecreasing on some interfiss, we need to understand that this
is actually a Boolean functional, which for every function f and set S wilehealue “True” or “False”. The
Boolean type in Isabelle is one of the base types and is denotsmbby The formal definition of real numbers
is somewhat complicated, so we will not discuss it here, but the corrdsmptype is calledeal . Now S
has the typeeal set ,f hasthe typdreal = > real) , so the type of our functional will beeal set = >
(real = > real) = > bool . Let us give it the nameondecreasing _on. Now, nondecreasing _on S f has
a value “True” if and only if for allx,y € S such thatx <y we havef(x) < f(y). We already know all the
necessary notation from the previous examples, and can write this as

definition nondecreasing _on :: ‘real set = > (real = > real) = > bool"
where "nondecreasing on S f <-> (ALL xS. ALL y'S. x <=y - > fx <=1fy)

However, if we try to execute this definition, we will obtain an errdndeclared type constructor:

"real" At command "definition" . The obvious guess after such an error would be that the type of real
number is not denoteckal in Isabelle. To check this, we can go to the directory with Isabelle’s theory
files (the folder you installed Isabelle in), thensrc > HOL, and look for the corresponding theory. For-
tunately, this is easy in this case, because there is a theory with name Reg|Dehitth is obviously what

we want. If we look inside this theory, we will see that the type name is inded. Usually, if you see

a definition or lemma in some theory, you can use it. Then if the system doesaugnize it, it may be
that you did not import the corresponding theory. Indeed it turns outré@ numbers are not included by
Main.thy. To avoid this and similar problems, it is desirable to import the “latest’rthexcumulating as
much of the library as possible. However, | cannot tell you the name &f sticeory once and for all, because
the library is growing continuously. The current theory dependencegshgcan be found on Isabelle website:
http://www.cl.cam.ac.uk/research/hvg/isabelle/dist/library/HOL/index.html. For letws replacemports

Main by imports Complex _Main: theory ComplexMain.thy imports Main.thy together with many more the-
ories containing, for example, all the basic properties of real and compl®bers. The definition can now be
executed.

As you can see, reading just a few lemmas and one definition from a randbodgn theory, Fun.thy, gives
us enough notation to create our own nontrivial definitions. If we lookiatttieory further, we will be able to
guess the meaning of almost all new mathematical notation in Isabelle. For examplef the next lemmas
isimage _ident stating tha{ %x. x) ' Y = Y . We can guess that it states that the image of the set Y under
the identity function will be Y, whence symbolis an important notation of thenage of a set under a function
(f * X is by definition the sefy. EX xX. y = f x }1). Looking at the next few lemmas we can see that
is a notation foinverse image, and the next definition introduces a useful notation for functimmposition f
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0 g which means function “f(g(.))”, or, in Isabelle notatiqr¥%ox. f (g x)) . All the important functions and
notations inMain.thy  are listed in [3]. But it is impossible to learn all the notation at once. We nowkno
more than enough to start proving theorems, and will learn more notation imabegs.

3.1 Summary

¢ All the main mathematical symbols also have ASCII notation, as a way to type therkeyboard. For
example— is==>, — is- >, <> is<- >, VisALL, disEX < is <=, x:P is ASCII abbreviation for
x€P, the symbol & means “and”; the symbjieans “or”.

e Equality has a high priority; the priorities of the main logical binary connestinedecreasing order are
&, |, >, and they associate to the right. Use parentheses when you are not sure

e bool isthe type for Boolean variableset is the syntax for defining types for sets, for exampale set
is the set of natural numbers. Function types may be constructed=usirfgr examplenat = > bool .
Many standard types are defined in Isabelle, for examsgle is the type of real numbers.

e Periodis used (1) with quantifiers, lik&L x. f(x)=g(x) ; (2) to define functions, for example( %x. x+1) ;
and (3) to define sets, e. = {x. x >10}. In every case, a space should follow immediately after the
period.

e The symbol is a notation of the image of a set under a functioh X is by definition sefy. EX x:X.
y = f x }). Notationf o g means function composition f(g(.)).

e All the important functions and notationslifain.thy are listed in [3].

4 Automatic Proofs

The most important skill in proving mathematical theorems in Isabelle is the abilityote @imple lemmas
with almost no effort. Every arbitrarily long proof can be representeal@sin of simple steps, and this repre-
sentation is an interesting and fully mathematical task. But proving every simplenstg be a bit problematic
for new Isabelle users, as we saw on the example of lemma “2+2=4".

One of the main problems here is that the user often does not know whainelemmas exist in the
library. If you want to prove some result from a particular area of mathiemait is useful to look at the
existing theories in this area before you start. However, Isabelle alsadpsous with several ways to search
through the library.

Given that we want to prove some lemma in Isabelle, the first question is whgadtly such a lemma
already exists in the library and we just did not know about it? For examp#inae that we do not know
the lemmad _apply in Fun.thy, stating thatl x = x , and want to prove exactly the same lemma with name
apply _id (recall that the functioid is defined inFun.thy , and it is the identity function).

lemma apply _id: "id x = X"
If we execute this lemma statement, we see the following message in the respffese b

The current goal could be solved directly with:
Fun.id _apply: id ?x = ?x

This important mechanism of lemma suggestions can prevent you fromviegn@sults which already
exist in the library. If such a message does not appear, you may béhstiggour result is nefv The search

6At least in this formulation and in theories that you have imported.



tries to look at themeaning of the lemma, not just symbol-by-symbol coincidence, for example if yongba
the name of the variable and write:

lemma apply _id: "idy =y"

Isabelle will still suggest you use lemrith_apply to solve the goal directly. To use an existing lemma in your
proof you can use thesing command and write:

lemma apply .id: "id y = y" using id _apply by auto

and the lemma will be proved. But, clearly, proving this lemma again makes ne:ségeu wanted to prove
some lemma and the system found this lemma in the library, it is better just to deletéegoua and use
the existing one. Notice that we can use it just by lemma namejdikepply , writing the full name like
Fun.id _apply is possible but unnecessary, and moreover will make your theory dmstaban stop working
in the future versions of Isabelle if the library is reorganized.

Unfortunately, the lemma suggestion mechanism is currently very sensitiaitdgmma’s formulation.
In particular, Isabelle regards equations as directed, and if we write

lemma apply .id: "x =id x"

no lemma is suggested. This statement is actually a combination of two lemmagplidand the fact that
“a=b” is equivalent to “b=a”. Fortunately, there is a tool in Isabelle, chBéedgehammer, which tries existing
lemmas to automatically prove your goal. After executing the formulation of yoamia, choose Isabelte
Commands> Sledgehammer in the menu, and you will see the message

Try this command: apply (metis id _apply)

which suggests to apply lemmaapply to solve our lemma. If we click at this command in the response buffer,
it will be added to the proof, and we get messgga: No subgoals! . So the proof is finished, we can write
done to get

lemma apply _id: "x = id x" apply (metis id _apply) done

The methodnetis , similarly to auto , tries to prove the statement automatically. The difference is that
metis uses only logical reasoning, but it is very strong in proving logicé¢stents. To prove the correct
logical formula, it is often enough to writgply metis . To prove that our statement is a logical consequence
of some lemma, we need to wriggply(metis <lemma_name>) , in our casapply (metis id  _apply) . If
we want to prove a corollary from several lemmas we should write all of tfiemexampleapply (metis
id _apply two _two) . But the point is that we wrote the proof above using sledgehammer haviitga about
metis, and (theoretically) without knowledge that the relevant lemmapioly” already exists in the library.

Sometimes sledgehammer needs some time to find a proof, but it can work in Kggduand, and you
can continue to work on your proof in parallel. Sometimes, it gives back @aagesthat it cannot find a
proof. This may indicate that your lemma is nontrivial and new, which woulthbedeal case. Unfortunately,
sledgehammer is not always helpful even in simple cases, especially if lemroh®iguantifiers. For example,
if we formulate the lemma

lemma expand: "h =t <-> (ALLy. hy =1ty)

which is just a reformulation of lemmexpand _fun _eq in Fun.thy , the lemma suggestion mechanism imme-
diately tells you that

The current goal could be solved directly with:
Fun.expand _fun eq: (?f = ?g) = (ALL x. ?2f x = 79 X)

8



But now, ifyoureplacdh y =ty byty = hy andwrite
lemma expand: "h =t <-> (ALLy. ty =hy)"

no lemma is suggested automatically, and sledgehammer also gives the nie¢agle prover failed

For this reasons it is desirable to formulate all your lemmas in the most natuyamithout unnecessary
changes of order in equalities, etc. Hopefully, the lemma suggestion methani sledgehammer will be
significantly improved in future versions of Isabelle, and all the resultsatetrivial consequences from the
existing ones will be proved automatically, without any effort from the.user

41 Summary

e When we execute the formulation of a lemma, we may get the me$tageurrent goal could be
solved directly with:... which implies that this lemma is not new but is just an instance of an
existing result in the Library.

e Sledgehammer is a mechanism which tries to combine two or more existing lemmasedadhpEaoal.
After executing the formulation of your lemma, choose Isabell€ommands> Sledgehammer in the
menu, and, if successful, you will see the messageTlikethis command:

e To use an existing lemma in your proof you can usaidirgg command and writesing <lemma_name>
apply( <method >) .

e The proof methodnetis , similarly toauto , tries to prove statements automatically. It is very good at
proving logical statements.

5 Interactive Proof

In this section, we start writing proofs, which Isabelle cannot do compleigigmatically. Let us start from a
simple example: suppose we want to prove a simple formula from schookalgal- b)? = a2 + 2ab + b?.

First, we should formulate the lemma carefully. We know from the exa@#2e4 that the type of variables
should be specified explicitly. Furthermore, we cannot omit the multiplication siytnand writeab, because
Isabelle will understand this as a new variable. With this in mind, it is easy to fatethe lemma:

lemma sum_square: "(atb)2=a"2+(2::real)*a*b+b"2"

If we execute this lemma statement, no suggestion appears in the respdiese Blddgehammer also
cannot help here (messaberrupted (reached timeout) appears), so we need to prove the lemma by
hand.

So far, we know only two automatic proof methaago andmetis . To prove the lemma above, we will
need a third onesimp . This method is a powerful simplifier, which tries to simplify your expressiangis
hundreds of lemmas and simplification rules. Actually, the lerimapply from Fun.thy , considered above,
is formulated as follows:

lemma id _apply [simp]: "id x = x" by (simp add: id _def)

The attribute[simp] after the lemma formulation states that this lemma will be automatically added to
those ones which tr@mp method will use. Namely, $§imp finds expression likel <expression >, it will
simplify it and rewrite as justexpression > using this lemma. You can easily use {hiep] attribute to
add any of your lemmas to those which are usediiop . But this should be done very carefully: if you add
lemma likeat+b=b+a, simp may use it again and again, working forever. It is recommended to addlurgg



lemmas which really simplify expressions, in the sense that the right-hand ssdapter that the left-hand
side. If you want the simplifier to use some other lemma(s) in a particular caseayn use thedd command.
For example, expressidly (simp add: id _def) inthe example above proves lemidaapply by the simp
method, which uses all the lemmas with fkiep] attribute plus the definition of the identity functiah_def .
In general, if we write any definition in Isabelle, the corresponding lemma wiifixs def is automatically
created, and we can use this lemma in future proofs by writing commandsylikemp add: id _def) or
using id _def by auto

There are many lemmas which are not addesihtp by default, but which are very useful in some particular
cases. For example, to simplify expressions involving addition and multiplicabignmore generally, any
group, ring, or field equalities), it is useful to adidebra _simps to the simplifier by writingapply (simp
add: algebra _simps) .

Let us return to proving our lemnsaim_square . It involves addition and multiplication, but immediately
writing apply (simp add: algebra _simps) fails to prove the lemma, because it involves also the operation
of power. First, we should explain to Isabelle, th& meansa*a and so on. This fact is so simple, that it
should be in the library for sure, but how to find it? One way is to use the lemggestion mechanism and
write somewhere above

lemma "a"2=(a::real)*a"
execute this, and the system will suggest you that

The current goal could be solved directly with:
Nat _Numeral.monoid _mult _class.power2 _eq_square: ?a2 = ?a * ?a

Sometimes, however, it is hard to guess the exact lemma formulation. In thiy@asan use Proof-
General> Find Theorems item in the menu, where you can search for theoremsysasne, writingname:
<name_to _find > in the string below. For example, in our case, we can guess to seardmfer square and
find all the lemmas containirgguare in the name. In this case we will get the following message:

found 57 theorems (40 displayed) in 0.146 secs:

This message indicates that not all found lemmas are displayed. We can thedsigarch and state explicitly
how many lemmas we want to be displayed: if we search(@®) name: square , now all the lemmas
containingsquare in the name are displayed, including the relevamter2 _eq_square lemma.

If we cannot guess part of lemma’s name, we can also search forffiarfiaymulation. For example, to find
all the lemmas containing product of some number by itself we can (aftericigg@soofGeneral- Find Theo-
rems item in the menu) search f@a*?a" , and now 44 theorems are found, including power2 _eq_square
lemma. If too many lemmas are found, we can combine these approaches:feeaame: square "?a*?a"
result in just 20 lemmas which have both “square” in the name and exprdgsida*a” in the formulation.
Another relevant attempt is the quéfia™2" "?a*?a"  which searches for lemmas containing both these ex-
pressions at the same time: now only three lemmas are found.

After finding lemmapower2 _eq_square , we are almost done. First, tell the simplifier to transform squares
to multiplication by writingapply (simp add: power2  _eq_square)

lemma sum_square: "(a+h)2=a"2+(2::real)*a*b+b"2"
apply (simp add: power2  _eq_square)

After executing this, we can see the following in the response buffer:

goal (1 subgoal): 1. (a+b)*(@+b)=a*a+2*a*b+b*b
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This means that, after simplification, it is left to prove the statement above. Nogeg only addition
and multiplication, we can writ@pply (simp add:algebra _simps) , execute to see messageal: No
subgoals! , and finish the proof by commanidne . The resulting proof looks like

lemma sum_square: "(at+b)2=a"2+(2:.real)*a*b+b"2"
apply (simp add: power2  _eq_square)
apply (simp add: algebra _simps)

done

The resulting proof is called backward proof. At every step we apply the relevant method to simplify
the goal, and see what is left to prove in the response buffer. But,thestiesulting proof script is hard to
understand: after reading the long sequena@@plf commands which proves a hard theorem, it is hard to say
what was the main idea of the proof. Second, most of the proofs in mathehpateas rarely use the argument
“it is left to prove that”. The typical proof usually looks like “From definitiare have Statement 1. Also, from
well-known lemma it follows Statement 2. Now, from these 2 statements we cafuderStatement 3, and the
proof follows”. This is calledorward proof, or declarative proof, and it is also supported in Isabelle. Let us
use the lemma above to prove that- 6x+9 > 0.

lemma expression _nonneg: "X "2+(6::real)*x+9 >= 0"

As a first step of proof, we want to say thét+ 6x+9 = (x+ 3)2. For Isabelle, this will be a sublemma
inside the proof of our lemma. To formulate such a sublemma, comivevedis used, and to indicate that we
are inside the proof of lemnexpression _nonneg, we should writeproof-  beforehave :

lemma expression _nonneg: "X "2+(6::real)*x+9 >= 0"
proof-
have aux: "X2+(6:real)*x+9 = (x+3)2"

Hereaux is the name of the sublemma which will be used for future references. Te pinis, we need
to substitutex and3 into the lemmasum_square . This can be done using the attribwte which has format
<lemma_name> [of <varl > <var2 > .. <varn >]:

ny”

have aux: "X2+(6:real)*x+9 = (x+3)"2" using sum _square [of x 3] by auto

Now we need to find a lemma stating that full square is nonnegative. It is Idgiessume that such a
lemma hasquare as a part of name. To find it, go to ProofGenesaFind Theorems in the menu,then write
name: square , and in resulting list we can see the lemma we need:

Rings.linordered _ring _strict  _class.zero  _le _square: (0::?'a) <= 7a* ?a
In our case variabl@a should bex+ 3. To see the result of the substitution we cantisecommand
thm zero _le _square [of "x+3"]

Please notice that expressions lik8 should be in quotes when used aftér Executing the string above, we
can see in the response buffer

0 <=(x+3 *(x+3)
as expected. So we can write

have "(x+3)72 >= 0" using zero _le _square [of "x+3"] by auto
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and the auxiliarfhm command can now be erased.

Alternatively, we can try to use Sledgehammer to prove any of our subgiféds executing the expression
after have, we can choose IsabelléeCommands> Sledgehammer in the menu, and for the statertxefij 2
>= 0 it works: you can see the message

Try this command: apply (metis zero _le _power2)

which also finishes the proof of the statement immediately.

Now we want to say that the lemma expressimmneg follows from these two statements. The first one has
nameaux, and the last one can be referred using keywéms this . The phrase “and the lemma follows”
in Isabelle language looks likshow ?thesis , and we can write:

from this show ?thesis using aux by auto

After executing we see that the proof is correct, and then the declaptieé should be finished by the
commandied. The resulting proof looks like:

lemma expression _nonneg: "X "2+(6::real)*x+9 >= 0"
proof-
have aux: "X2+(6:real)*x+9 = (x+3)'2" using sum _square [of x 3] by auto

have "(x+3)2  >= 0" using zero _le _square [of "x+3"] by auto
from this show ?thesis using aux by auto
ged

In contrast to the backward proof of lemma ssiuare, this proof is clear for the reader. For readability
of large proofs, it is important to indent the proof text betwgenf- andged. Moreover, you can improve
the language of the proof by replacifigm this by then , from this have by then have orhence, from
this show by thus , etc. However, backward proof can sometimes be easier to write: yofojustlate the
goal and see how far the appropriate automated method can proceeday®e the best strategy would be to
combine forward and backward proof methods. For example, you mégr ppoestate some major sublemmas
in your proof usinghave and then prove these sublemmas by the backward strategyappigg.

Sometimes it is convenient to exchange the order of proving sublemmas iwardoproof. For example,
if the proof of statement B has the forhave A hence B, we may prefer first to prove the second state-
ment (namely, that A implies B) and then return to proving A. Isabelle prowdeswith this opportunity
with the help ofsorry command, which “proves” everything. For example, if we would like to use lemma
expression _nonneg first, and then return to proving it, we could temporary “prove” it in one line:

lemma expression _nonneg: "X"2+(6::real)*x+9 >= 0" sorry

However, thesorry command should be used with care, because you can “prove” a falsastatsith it, and
then build your proof based on this statement.

51 Summary

e Methodsimp is a simplification method which tries to simplify the goal automatically. It uses all the
lemmas in the library marked with tHeimp] attribute. To makeimp also use another lemma, we
should add it explicitly, by writingapply(simp add: <lemma_name>) . For exampleapply (simp
add: algebra _simps) is useful to simplify expressions involving addition and multiplication.

e If you can guess a part of the name of the lemma you want to use, chamf&Bneral> Find Theorems
item in the menu, and then wribame: <name_to _find > in the string below. You can also indicate how
many found lemmas to display: for example search(f60) name: square  will result in up to 100
lemmas with “square” as a part of the name.
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e Similarly, if you can guess a part of the lemma statement, choose ProofGenEmad Theorems, and
then search for any expression, or several expressions, usiegiatic variables. For example, search
for "?b™2" "?a*?a"  will result in the list of lemmas containing both a square and a product of a term
with itself.

e There are two main strategies in proving results. Proof in the fgply( <method 1>) ... apply
( <method _n>) done is called backward proof. Alternatively, you can use the forward gyatéhich
looks like proof- have  <statement _1> .. have <statement _n> qged, where the statements
after have should, in turn, be proved using backward or forward strategies, @@nthaps, the earlier
proved statements. Also, at every step you can use Sledgehammer to yedhe statement automat-
ically.

e To substitute particular values for the variables in an earlier proved lemmaaouse the attribut# ,
for example..using sum  _square [of x 3] by auto

e To use the last proven fact you can wifitem this have , orthen have , orhence .
e Atthe end of forward proof, you should wrishow ?thesis , finish the proof, and then wriiged.

e To exchange the order of reasoning in a forward proof, you can tearijoassume as proven any state-
ment or lemma with commarsbrry .

6 Assumptionsand Local Variables

In a usual human proof, the same variables and notations are used te,d¢nctly speaking, different objects,
and in this section we explain how this works in Isabelle. For example, letits dawn the proof of a simple
well-known result, that point in a metric space belongs to the intefiof setSif and only if Scontains a ball
with centerx.

Proof: If x belongs to the interior of, then, by definitionx belongs to some open sub3Jebf S. Because
T is open, it contains a bal with centerx, and we hav® C T C S. Vice versa, ifScontains a ball with center
X, this ball is an open subset 8fwhich contain, hence, by definitionx belongs to interiof.

We can see that the proof consists of two parts, and in the firsixparan arbitrary point belonging to
the interior ofS, while in the second one we assume thatbntains a ball with centet’, and this creates no
confusion. Let us try to formalize the proof above.

First, we can find if the notion of interior is defined in Isabelle. If you imp@omplex Main only,
searching fomame: interior ~ _def or evenname: interior will show no results. Fortunately, basic no-
tions of topology was recently formalized in the context of a big project of rasifite analysis formalization
in Isabelle. If you addmports Multivariate _Analysis & at the beginning of your theory, searching for
name: interior  _def will lead you to the result:

interior ?S = {x. EXT.open T & xT & T <= 7S}

Similarly, search foname: ball _def will resultinball ?x ?e = {y. dist ?x y < ?e}, so we can
conclude thaball x e is the ball with center x and radius e. Now we can formulate the lemma.

lemma interior  _ball: "X:interior S <-> (EXe 0 <e & (bal x e <= S§)"

"By definition, the interior oSis the set of all points, such that there exists an open subsedwhich contains
8|f you get an erroiCould not find theory file "Multivariate _Analysis.thy" in... , please go to the folder in which
you have installed Isabelle and execute the commyanittl -m HOL-Multivariate _Analysis HOL
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There is no need to specify that x is an element of a metric space, and ealsnaimeer: Isabelle under-
stands this from stringall x e . If we execute this lemma formulation, we will see tfiaé current goal
could be solved directly with: Topology _Euclidean _Space.mem_interior , i.e. that this lemma al-
ready exists in the library, but we will ignore this and prove it by hand.

The proof starts with the assumption %fbelongs to interioS...”. In Isabelle, there is a corresponding
commandassume. To tell Isabelle which part of the proof this assumption affects, we sheuddbse it in
braces{}. The general way to prove the implicatién-- > Bis to write {assume A... have B }. Also, we
can write several assumptioAs, ..., A, to derive(Aj&Ax& ...& An) — — > B.

So, let us start the proof by writing

proof-
{ assume "x:interior S"

The next step is to define T such thxat T, T is open, and” C S. This can be done by commanatgain
andwhere :

from this obtain T where T def: "open T & xT & T <= S" using interior _def by
auto

The line above does not just introduce a new notation T, but it provessticit a T actually exists.
This fact follows directly fy auto ) from the assumptionfrom this ) and the definition of interioruéing
interior  _def ), and we gave it a namé@& (def ) for future reference.

Next, we want to say that “Becau3es open, it contains a bal with centerx”. The corresponding lemma
can be easily found, say, by searching for “name: ball” and it is calped _contains _ball . Thus, we can
write

hence "EX e. e >0 & bhall x e <= T" using open _contains _ball by auto

Here hence is the same agom this have , so we have proved this statement by auto using lemma
open _contains _ball and the previous line stating that T is open. Now we can use thé& fact Sto conclude
thatball x e <= S, and then finish the first part of the proof

hence "EX e. e >0 & bhall x e <= S" using T _def by auto
} note impl = this

All the statements inside the block are conditional with respect to the assuniptietast statement before
the closing parenthesjsshould not contain any local notation like T. Then we can close the bloddsabelle
automatically derives the unconditional statement of the form “assumptidast statement inside the block”,
which can be referred to usitiis . Commandote impl = this  givesita namémpl for future references.

To prove the converse statement, we assumeShantains a ball with centes, denote itT, and claim that
this T is exactly what we need to prove that interior S by definition.

{ assume "EX e. e >0 & bhall x e <= §"
from this obtain e where e def: "e >0 & (ball x e) <= S" by auto
def T == "pall x e"
hence "open T & xT & T <= §"

From the assumption we “obtain” radies> 0 such thatball x e) <= S, and then just introduce a
notation T for (ball x ) in commandkf . The syntax islef <name> == " <description ~ >". In contrast to
obtain , commandlef does not require any proof of existence. Now, to prove that T is openegd to find
the corresponding lemmapen _ball in the library, statemenl <= S follows from e_def , and the obvious
factx : T can be proved automatically. So, the rest of the proof is easy:
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hence "open T & xT & T <= S" using open _ball e _def by auto
hence "x:interior S" using interior _def by auto

} from this show ?thesis using impl by auto

ged

The lasthis here refers to the fact that from assumptivhe. e >0 & ball x e <= Sthe last state-
ment of the block:interior S follows. This together witlimpl finishes the proof.

The proof of this lemma in Isabelle library is shorter, but this proof illustrates to use assumptions in
Isabelle, which will be very useful in other proofs. For example, theeggdrmethod to prove thadt <- > B
is to derive B from A using formafassume A.. have B }, and then derive B from A usinfassume B...
have A}.

Also, it is possible (and often useful) to fix local variables inside a blogkguthefix command. For ex-
ample, to prove that two sets S and T are equal, the straightforward Wty is assume "x:S"... have
"x.T" }toderive(x:S) - > (xT) , and then prove the opposite statement to ddrivig¢ -- > (x:S)

lemma st: “(S:'a set)=T"

proof-
{ fix x assume "x:S" hence "x:T" sorry } note impl = this
{ fix x assume "x:T" hence "x:S" sorry }
from this show ?thesis using impl by auto

ged

Our lemmainterior ~ _ball can be used to obtain the following equivalent characterization of the interio

lemma interior  _def2: “interior S = {x. EXe. e >0 & (ball xe) <=S}"
For a proof, we need to use lemingerior ~ _ball for a particular S, but for arbitrary x. This can be done
using theof attribute in the following formatinterior ~ _balljof  _ §].
lemma interior  _def2: ‘“interior S = {x. EXe e >0 & (ball x e) <= S}"
using interior _ball[of _ S] by auto
6.1 Summary

e To use some additional assumption during the proof, one can use the corassamd. In this case,
we should enclose the block where this assumption applies in bfacé$he general way to prove the
implicationA -- > Bis to write{assume A... have B }.

e Commandobtain  <object _name> where <thm_name>: ..  allows us to obtain an object with
a particular properties. To finish this command, we need to prove that suchject exists, and then
we can use this object asobject _name> during the proof (say, substitute it as a parameter after
attribute), referring to its properties as4thm _name>.

e Commanddef with formatdef <name> == " <descripton  >" just introduces a notation and does
not require any proof of existence. We can refer to this definition usimgne> _def .

¢ All statements inside a block enclosed in brag¢esre conditional with respect to the assumptions, and
all variables defined (with commarufitain ) inside such a block are local ones. No such variable can
participate in the last statement of the block. We can use variables with the sanes im different
blocks.
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e The commandix is used to fix a local variable (say) inside a block. If such a variable participates in
the last statement of the block (sé&y, x" ), then the block proves this statement with universal quantifier
(inour case)ALL x. P x" ).

7 Introducing New Notations and Concepts

Convenient definitions and notation are crucial in proving mathematicdtsesor example, suppose we want
to prove, that for any convex sets A, B, C, the set

{x+y+z|xyz xA & yB & zC}

is also convex. Search in Isabelle (for examplenbye: convex , provided that you import theory Convex)
results in lemmaonvex _sums stating that for two convex sets Aand B det+ y |x y. xA & yB}is
convex. Now it is natural to define suAtB of two sets, and then argue that for convex sets A, B, CAsBt
and whencé+B+C = (A+B)+C is convex by lemmaonvex _sums.

Now, how to introduce new notation? As usual, you can read the tutorialt lueasier to look at the
existing theories. For example, our favorite thebBuy.thy introduces a notation for function composition

definition
comp : "(b= > =>(Ca=>"b=>(a=>"c) (infixl "0" 55)
where "f o g=( %x. f (g x)"

We see, that composition is actually a functommp f g with two arguments: f of typéb = > 'c) and
g of type(a = > 'b) , which returns the result of typga = > ’'c) . String(infixl "0" 55) introduces
notationf o g for this function. Using this example, we can try to define sum of two sets:oitldhbe a
function likeset _add A B, where A and B are sets with elements of the same type, and we want a notation,
say,A +s B

definition  set _add ' "Ma set => 'a set => 'a set" (infixl "+s" 55)
where '"A +s B == {x +y [xy. XA & yB}"

But, if we try to execute this definition, we get an error

Type unification failed: Variable 'a:type not of sort plus

This is quite common error in Isabelle, stating that the types are not appgeofwa of correct “sort”) for
this context. For example, in our case Isabelle tells us that addition canmigtfiped for arbitrary sets, and
elements of our sets should have a type with a speciapksrt. To correct this error, we can easily specify
sort explicitly

definition  set _add :: "(a:plus) set => 'a set => 'a set" (infixl "+s" 55)
where "A +s B == {x +y [xy. xA & yB}"

and now the definition executes correétly

Next, let us formulate and prove a lemma about the sum of two convex setsrievheotation. As usual,
to learn the corresponding syntax, let us first look at the statement abddimning of the proof of the existing
lemmaconvex _sums in theoryConvex.thy

91t may be confusing that we still do not understand the meaning of ginifag "+s" 55) . Actually, now it is easy to use the
Tutorial’'s Index to findnfixl  there, and read thatfixi ~ means that operation is associative to the left, Ehohdicates the priority
of the operation.
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lemma convex _sums:
assumes "convex s" "convex t"
shows "convex {x +y |Xy. XS & yit }"
using assms unfolding convex _def image _iff
proof- ...

We can see, that the assumptions of the lemma can be formulated after thedkassumes , and then we
can refer to them during the proof by writinging assms . The statement of the lemma in this case follows
the keywordshows . Let us formulate the corresponding lemma with the notatish .

lemma convex _sums2:
assumes "convex A" "convex B"
shows “"convex (A +s B)"

Since itis just a reformulation of lemneanvex _sums, itis natural to try to prove this lemma automatically,
using the existing lemma, assumptions, and definitior®f . However, an attempt

using set _add_def assms convex _sums by auto

does not work, so more details are required. One way is to tell Isabelle#ot garameters to substitute in
set _add _def , namely

using set _add_deflof A B] assms convex  _sums by auto

Alternatively, we can proceed by analogy with the proof of lemecoavex _sums above, and use the
unfolding command:

lemma convex _sums2:
assumes "convex A" "convex B"
shows "convex (A +s B)"
unfolding set  _add _def using assms convex _sums by auto

After executing the statement of the lemma we can see gmakx (A +s B) . Then, after executing
unfolding set  _add_def the remaining goalisonvex {x +vy [x y. xA & y:B },i.e. thiscommand “un-
folded” the definition. Next we can execuieing assms convex _sums by auto and the proof is success-
fully finished.

Now we can prove the initial lemma

lemma convex _sums3:
assumes "convex A" "convex B" "convex C"
shows "convex {x +y +z [xy z. xA & yB & zC}"

First, we want to claim that the set in question is exaétlys B +s Cin the new notation.

proof-
have " {x +y + z Xy z. XA & yB & zC} = (A +s B +s C)"
unfolding set  _add _def by auto

Then we can claim that sét +s B +s C is convex, prove this usingonvex _sum2, and the lemma will
follow from these two statements. To tell Isabelle that one statement followsseeeral previous ones, we
can usenoreover andultimately ~ commands:
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moreover have "convex (A +s B +s C)" using convex _sum2 assms by auto
ultimately show ?thesis by auto ged

In this case, convenient notation for sum of sets helped us prove tiredlessult easily. However, you
should be very careful when introducing new definitions and notationainele. The problem is that nota-
tion for many natural concepts already exists somewhere in Isabelle, isubfien nontrivial to find them.
Introducing several different notations for the same concept will aftenlt in double work in theorem prov-
ing. For example, in our case, the definition of the sum of two sets really éxittabelle library, in theory
SetsAndFunctions.thy , but the formulation is slightly different

definition
set _plus @ "(a:plus) set = > 'a set = > 'a set'(infixl " @" 65)
where "A @ B == {¢c. EX aA EXbB.c=a+b }"

and it is nontrivial to find it theré® For this reason, it helps to spend some time to look through the Ii-
brary to be aware of what concepts it offers. You can also ask thellsamailing list, if you are going to
introduce some important concept and do not see it in the library. In glery@ur are welcome to ask this
mailing list all kinds of questions, somebody will answer you soon and in de¥il can subscribe to it

at http://www.cl.cam.ac.uk/research/hvg/Isabelle/community.html. At the same pagejdta useful link to
Isabelle FAQ, and also links to various materials (slides, demos, and esjrfos learning Isabelle.

7.1 Summary

e Types in Isabelle have sort , which tells us some properties of this type. For example, addition is
defined for types of sontlus . Syntax example{a::plus) set is a set of arbitrary elements, for
which addition is defined.

e Assumptions of a lemma can be formulated after keyvassdmes , and then we can refer to them in the
proof by writingusing assms . The statement of the lemma in this case follows the keywhods .

e Commandunfolding  with formatunfolding  <lemma_name>, where<lemma_name> is often a defi-
nition, tries to “unfold” a symbol or term in the goal usirgemma_name>.

e Isabelle mailing list is the place where you can ask any questions aboetlésaldou can subscribe at
http://www.cl.cam.ac.uk/research/hvg/Isabelle/community.html

8 Summary

This Primer is aimed at mathematicians, who want to start working with Isabellehawe discussed only a
tiny portion of Isabelle here, but it is enough to start the formalization of ssimple mathematical results.
We have tried to concentrate on topics which are especially useful fogiarte: main notations, search in
Isabelle, sledgehammer, organization of blocks inside the proof, etee Mguortantly, we have tried not just
tell you “how it works”, but tell you how tdearn Isabelle, looking at the existing theories. Instead of providing
you with correct proofs immediately, we often start with intuitive, but incark@rsions, and describe how to
correct the resulting errors.

Obviously, you will often need some methods which are not described Heréhis case, one general
strategy is to look at the existing theories formalizing the same area of mathenaaticsnaybe you will

10well, you can guess import Library, and then search for,'Say+ ?y" " {x. ?P x }",tofind all the expressions which contains
sum, and also defines a set in the form “set consists of all x such tkgt Bd in this case you would find 24 theorems including
SetsAndFunctions.set _plus _def . Butitis a nontrivial guess to perform such a search.
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find relevant methods there. Reading selected sections from the Isaletialt[l], which corresponds to
your particular formalization, is also useful. Proof by induction, as weliase other useful proof methods,
are described very well in a short Isar tutorial [2]. Many basic tyfpesctions, and notations are listed in
[3]. These and other useful documents are available at the Documerdgatiion of the Isabelle website
http://www.cl.cam.ac.uk/research/hvg/lsabelle/documentation.html. Finally, madogllesaisers are ready to
help you, if you send your question to the Isabelle mailing list.

In conclusion, the formalization of mathematics in Isabelle is a little bit difficult td,dbait very exciting.
After some time, you become comfortable with Isabelle, and then enjoy prowingivial theorems to the
strongest opponent in the world, who will never overlook your erratan-strict argument. And maybe, after
some time with Isabelle, you also begin to feel, that only formalized theoremsalhgproved in mathematics.
All the other proofs are just proof outlines.
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