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2.1 What kind of language is Julia
+ Juliafeels like an interpreted scripting language
* Butitisverydifferent; everything is compiled, via LLVM

+ This is by design: best of both worlds

+ Compilation is automatic, in the moment, (almost) without you

realising



3 What happens when call a function?

Let's define a simple function:

In [8]: f(x,y) =x+y
NARNING: Method definition f(Any, Any) in module Main at In[7]:1 overwritten at In[8]:1.

Out[%]: f (generic function with 1 method)




3 What happens when call 2
function?

Let's define a simple function:

In [8): f(x,y) =X +

WARNING: Method definition f(Any, Any) in module Main at In[7]:1 overwri
tten at In[8]:1.

Out[8]: f (generic function with 1 method)

And call it:

In[J: 3, 9
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3 What happens when call a function?

Let's define a simple function;

In (8] f(x,y) =x+y
WARNING: Method definition f(Any, Any) in module Main ot In[7]:1 overwritten at In[8]:1.

Qut[8]: f (generic function with 1 method)
And call it:

In [9]: £@3, 4)

Out(9]: 7




What did Julia do? We can ask it (i.e. introspect) by looking inside the
main steps in the process.

Step 1. "lowering”

* First, the codeis converted into a lower-level representation;

* For asimple function like this, there is nothing to do:

In [*]: Bcode_lowered f(3, 4



What did Julia do? We can ask it (i.. introspect) by looking inside the main steps in the process.

Step 1: "lowering”

* First, the code is converted into a lower-level representation:;

* For asimple function like this, there is nothing to do:

In [10]: @code_lowered f(3, 4)

Qut[19]: LambdaInfo template for f(x, y) at In[8]:1
:(begin
nothing
return x + y

end)




Step 2: Type inference

Next, Julia runs type inference to work out which type everything has:

In [11]: @code_typed (3, 4

Out[11]: LambdaInfo for f(::Intb4, ::Inttd)
:(begin
return (Base.box)(Into4,(Base.add_int)(x,y))
end::Intb4)

Julia has inferred (automatically worked out) the types.




Step 3: LLVM intermediate representation (IR)

Next, Julia generates an "intermediate representation” (IR) used by LLVM:

In [12]: @code_llvm f(3, 4

define 164 @julia_f_71393(164, 164) #@ {
top:

% = add 164 %1, %0

ret 164 %2




Step 3: LLVM intermediate representation (IR)

Next, Julia generates an "intermediate representation” (IR) used by
LLVM:

In [12]: @code_1lvm f(3, 4)

define 164 @julia_f_71393(i64, 164) #0 {
top.

%2 = ﬂ{fd 154 %1, ‘E’EH

ret 164 %/

}
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Step 3: LLVM intermediate representation (IR)

Next, Julia generates an "intermediate representation” (IR) used by
LLVM:

In [12]: @code_llvm f(3, 4

define 164 @julia_f_71393(164, 164) #0 {
top:

%2 = add 164 %1, %0

ret 164 %2
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Step 3: LLVM intermediate representation (IR)

Next, Julia generates an "intermediate representation” (IR) used by
LLVM:

In [12]: @code_llvm f(3, 4

define 164 @julia_f_71393(164, 164) #0 {
top:

%2 = add 164 %1, %0

ret 164 %2
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Step 4: Native machine code
Finally, LLVM compiles this to native machine code for your machine:

In [ ]: @code_native f(3, 4)

The @ means a macro -- a "super-function" that processes code
expressions.
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Step 4: Native machine code

Finally, LLVM compiles this to native machine code for your
machine:

"

In [13]: @code_native f(3, 4

.section __TEXT,__text,regular,pure_instructions
Filename: In[8]

pushq  %rbp
movq  %rsp, Xrbp
Source line: 1

leaq (%rd1,%rs1), %rox
popqg  rbp
‘, retq

nopw  (%rax,¥rax)




4 Julia generates specialized code

What happens if we use arguments of a different
type?

Let's try passing arguments of different types to the function f:

In[]: f@3.5, 4




o4 Julia generates specialized
code

What happens if we use arguments of a different
type?

Let's try passing arguments of different types to the function f:

In [14]: (3.5, 4)

Qut[14]: 7.5

In [15]): @which 3.5 + 4

? QutlI5]: +(x:Number,y:Number) at promotion,l:190




function promote result{T<:Number,S<:Number}(::Type{T},::Type{S},::Type{Bottom},::Type{Bottom})
@ pure _meta
promote_to_supertype(T, S, typejoin(T,S))

end

181 # promote numeric types T and 5 to typejoin(T,5) if T<i5 or 5«7
# for example this makes promote_type(Integer,Real) == Real without
53 & promoting arbitrary pairs of numeric types to Number.
|84 promote_to_supertype{T<:Number H:iType{T}, ::Type{T}, ::Type{T}) = (@_pure_meta; T)

> promote_to_supertype{T<:Number,S<:Number}(::Type{T}, ::Type{S}, ::Type{T}) = (@ pure_meta; T)
promote_to_supertype{T<:Number,S<:Number}(::Type{T}, ::Type{S}, ::Type{S}) = (@ _pure_meta; S)
promote to_supertype{T<:Number,S<:Number}(::Typa{T}, ::Type{S}, ::Type) =

error("no promotion exists for ™, T, " and ", S)

198 +(x::Number, y::Number) = +(promote(x,y)...)
191 %(x::Number, y::Number) = x(promotelx,y)...)
~(x! Number, y::Number) = -(promote(x,y)...)
/(x::Number, y::Number) = /(promote{x,y)...)
~(x::Number, y::Number) = ~(promote(x,y)...)

96 fmalx::Number, y::Number, z::Number) = fma(promote(x,y,2)...)
187 muladd(x::Number, y::Number, z::Number) = muladd(promote(x,y,2)...)

(&) (x::Integer, y::Integer) = (&)(promote(x,y)...)
200 (|)x::Integer, y::Integer) = (|)(promote(x,y)...)
01 ($)(x::Integer, yiiInteger) = ($)(promote(x,y)...)

Tk



o4 Julia generates specialized
code

What happens if we use arguments of a different
type? _
Let's try passing argu G - . I’ )es to the function f:

In [14]: (3.5, 4)
Qut[14]: 7.5 .

In [16]: promote(3.5, 4
 Out[16]: (3.5,4.0)
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o4 Julia generates specialized
code

What happens if we use arguments of a different
type?

Let's try passing arguments of different types to the function f:

In [14]: f(3.5, 4)

Out[14]: 7.5

In [16]: promote(3.5, 4)

 0ut[16]: (3.5,4.0)

i




Qut[17]:

In [18]:

LambdaInfo tor f(::Floatb4, ::Intb4)
:(begin
return (Base.box)(Base.Floatb4,(Base.add_float)(x,(Base.box)
(Floatb4,(Base.sitofp)(Floatb4,y))))
end::Floatbd)

@code_l1lvm f(3.5, 4)

define double @julia_f_71571(double, 164) #2 {
top:

%2 = sitofp 164 %1 to double

%3 = fadd double %2, %0

ret double %3

}




Inorder to do the sum, the integer 4 is converted to FLoat64 (by
sitofp)

In [ ]: @code_native (3.5, 4)




In order to do the sum, the integer 4 is converted to Float64 (by
sitofp)

In [19]: @code_native f(3.5, 4)

.section o JEAE
Filename: In[8]

pushq  %rop

movg  %rsp, %rbp
Source line: 1

cvtsiZsdg %rdi, %xmml

addsd ~ ¥xmml, %xmm

popq  krbp

retq

text,regular,pure_instructions




So Julia generates specialised code according to the argument types.

If one of these specialised versions is later used, the corresponding
specialised version will be called.




X

So Julia generates specialised code according to the argument types.

|f one of these specialised versions is later used, the corresponding
specialised version will be called.




% Profiling

In [21]: f(x) = xAZ

WARNING: Method definition f(Any) in module Main at In[20]:1 overw
ritten at In[21]:1.

Qut[21]: f (generic function with 2 methods)

In [22]: etime (1)
0.001289 seconds (355 allocations: 20.188 KB)
Out[2Z]: 1

In [23]: @time f(1)

0.000001 seconds (4 allocations: 16@ bytes)

? Qut[23]: 1




95 Profiling

In [21]: f(x) = xA2

WARNING: Method definition f(Any) in module Main at In[20]:1 overw
ritten at In[21]:1.

Qut[21]: f (generic function with 2 methods)

In [22]: etime f(1)
0.001289 seconds (355 allocations: 20.188 KB)
Out{2é]: 1

In [23]: @time f(1)

0.000001 seconds (4 allocations: 16@ bytes)
Out[Z23]: 1 \

In[]: @time f(1)




X

5.1 Type instability

Let's look at a more complicated function, for a step of a random walk:

| In [ ]: stepl) = rand(-1:1) > 0 2 1 : -1.0 # tarnary operator; if then
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5.1 Type instability

Let's look at a more complicated function, for a step of arandom
walk:

In [24]: stepl() = rand(-1:1) > 0 ? 1 ; -1.Q0 # ternary operator; if then

Qut[24]: stepl (generic function with 1 method)

In [25]: @code_lowered stepl()

Qut[25]: Lambdalnfo template for stepl() at In[24]:1
:(begin
nothing

unless (Main,rand)((Main.colon)(-1,1)) > @ goto 4
return 1




© 51 Type instability

Let's look at a more complicated function, for a step of a random walk:

In [24]: stepl() = rand(-1:1) > @ ? 1 ; -1.8 # ternary operator; 1f then

Qut[24]: stepl (generic function with 1 method)

In [25]: @code_lowered stepl()

OQut[25]: LambdaInfo template for stepl() at In[24]:1

:(begin
nothing
unless (Main.rand)((Main.colon)(-1,1)) > @ goto 4
return 1
4:
return =1.0

end)

In [ ]! @code_typed g(3)




©5.1 Type instability

Let's look at a more complicated function, for a step of arandom walk:

In [24]: stepl() = rand(-1:1) > @ ? 1 : -1.0 # ternary operator; if then

Out[24]: stepl (generic function with 1 method)

In [25]: @code_lowered stepl()

Out[25]: LombdaInfo template for stepl() at In[24]:1
:(begin

nothing
unless (Main.rand)((Main.colon)(-1,1)) > @ goto 4
return 1
4:
return =1.0

end)
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Let's look at a more complicated function, for a step of a random walk:

In [24]. stepl) = rand(-1:1) >0 ? 1 : -1.0 # ternary operator; if then

Qut[24]: stepl (generic function with 1 method)

In [25]: @code_lowered stepl()

Qut[25]: LombdaInfo template for stepl() at In[24]:1
:(begin
nothing
unless (Main.rand)((Main.colon)(-1,1)) > @ goto 4
return 1
4:
return -1.0

end)




Julia realises that the output of the function can either be an Intb4 or a
Floatb4, i.e.there s a type instability.

This leads to inefficient code (at least currently), since the result will be
boxed:

Int \

N




Julia realises that the output of the function can either be an Intb4 or a
Floatb4, i.e.there s a type instability.

This leads to inefficient code (at least currently), since the result will be
boxed:

Int \

N




So Julia generates specialised code according to the argument types.

If one of these specialised versions is later used, the corresponding
specialised version will be called,




Julia realises that the output of the function can either be an Int64 or a
Floato4, i.e.thereis a type instability.

This leads to inefficient code (at least currently), since the result will be
boxed:

Int
0000011
3




This leads to a significant performance loss:

In[]: steplO =randn() >0 ? 1 : -1.0 # Inté4 and Float64

step2() =randn() > @ 71 : -1  # only Intt4

First, compile the functions by running each once:

In [ 1: step1()
step2()
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end: :Floatt4)
In [18]: Siide Type  Fragment §

ecode_Llwn (3.5, 4)

define double @julia_f_71571(double, i64) #0 {
top:

% = sitofp 164 %1 to douwble

¥3 = fodd“double %2, %0
} ret double %3

Slide Type  Sub-Slide

In order to do the sum, the integer 4 is converted 1o Float6d (by sitofp)

In [19]: Sidte Type -
Ecode_native f(3.5, 4)

.section —TEAT, __text reqular, puré_instructions
Filename: In(8)
pushg  %rbp

movg  ¥rsp, %rbp
Source lime: 1

evtsi2eda Krdi, Fxmml
addsd  ¥xml, ¥xmmd

popqg  ¥rbp

retq

nop

=F

Slide Type  Sub-Side +

So Julia generates specialised code according to the argument types.
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In [19]:

In [21]:

In order 10 do the sum, the integer 4 is converted 1o Float®d by sitofp)

Bcode_native f(3.5, 4)

.section __TEXT,__text regular,pure_instructions
Filename: Ia[8]

pushg  ®rbp

movq  ¥rsp, ¥rbp
Source line: 1

cvtsiZsdg ¥rdi, Kol

addsd  Exmml, Soommd

popg  Xrbp

retg

nop

S0 Julia generates specialised code acconding to the argument types,

If o of these specialised versions is later used, the comesponding specialised version will be called.

2 Profiling
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In order to do the sum, the integer 4 is converted to Float84 (by sitofp)

In [19]: Slide Type - :
ecode_native f(3.5, 4)

.section __TEXT,__text,regular,pure_instructions
Filename: In[8]

pushq ¥rbp

movg  %rsp, %rbp
Source line: 1

cvtsidsdg ¥rdi, %xmml

addsd  %xmml, %xmm@

popq  ¥rbp

retq

nop

Slide Type Sub-Shde §
S0 Julia generates specialised code according to the arqument typeas.

Slide Type -
It one of these specialised versions is later used, the comesponding Specialised version will be called.
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%3 = fadd double %2, %0
ret double %3

}

&

Slide Type  Sub-Slide 3

In order to do the sum, the integer 4 is converted to Floato4 (by sitofp)

In [19]: Slide Type - ;
@code_native f(3.5, 4)
.section __TEXT,__text,regular,pure_instructions
Filename: In[8]
pushq  %rbp

movq  %rsp, %rbp
Source line: 1
cvtsi2sdg frdi, %xmml
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f(x) = xAZ

WARNING: Method definition f(Any) in module Main at In[20]:1 overwri
tten at In[21]:1.

Out[Z1]: f (generic function with 2 methods)

In [22]: | Sfide Type Fragment 3
@time (1)
0.001289 seconds (355 allocations: 20.188 KB)
Out[2Z]: 1
In [23]: Slide Type Fragment &
@time f(1)

0.000001 seconds (4 allocations: 16@ bytes)
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Out[21]:

In [22]:

Qut[22]:

In [23]:

Out[23]:

% TR

tren at InpZlj:1.

f (generic function with 2 methods)

@t1ime f(1)
0.001289 seconds (355 allocations: 20.188 KB)

@time f(1)
0.000001 seconds (4 allocations: 160 bytes)
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5.1 Type instability

k

Slide Type Fragment §

Let's look at a more complicated function, for a step of a random walk:

In [24]: Slide Type - -
stepl() = rand(-1:1) > @ 7 1 : -1.0 # ternary operator; if then
Qut[24]: stepl (generic function with 1 method)

In [25]: Slide Type Fragment 3
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Slide Type Fragment &

Let's look at a more complicated function, for a step of a random walk:

In [24]: Slide Type - -
stepl() = rand(-1:1) >0 ? 1 : -1.0 # ternary operator; if then
Out[24]: stepl (generic function with 1 method)

In [25]: Slide Type Fragment 4
@code_lowered stepl()
Out[25]: Lambdalnfo template for stepl() at In[24]:1

:(begin
nothing
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Let's look at a more complicated function, for a step of a random walk:

-

In [24]: Slide Type -
stepl() = rand(-1:1) > @ ? 1 ; -1.0 # ternary operator; 1f then
Qut[24]: stepl (generic function with 1 method)

In [25]: Slide Type  Fragment *
@code_lowered stepl()

Out[25]: LambdaInfo template for stepl() at In[24]:1
:(begin
nothing
unless (Main.rand)((Main.colon)(-1,1)) > @ goto 4
return 1
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9.1 lype Instability

Slide Type Fragment

Let's look at a more complicated function, for a step of a random walk:

d =

In [24]: Slide Type -
stepl() = rand(-1:1) > @ ? 1 : -1.0 # ternary operator; if then
Qut[24]: stepl (géneric function with 1 method)

In [25]: Slide Type Fragment
@code_lowered stepl()

Out[25]: Lambdalnfo template for stepl() at In[24]:1
:(beg1in
nothing
unless (Main,rand)((Main.colon)(-1,1)) > @ goto 4
return 1
4:
return -1.0
o |



File Edit  View Insert Cell Kernel  Navigate ~ Widgets  Help Julia0.5.0 O
stepl() = rand(-1:1) >0 ? 1 : -1.0 # ternary operator; 1f then
Out[24]: stepl (generic function with 1 method) |

In [25]: Slide Type Fragment
@code_lowered stepl()

Out[25]: LambdaInfo template for stepl() at In[24]:1

:(begin
nothing
unless (Main.rand)((Main.colon)(-1,1)) > @ goto 4
return 1
4:
return -1.0

end)

Slide Type  Sub-Slide &

Julia realises that the output of the function can either be an Intb4 or a Floatb4, i.e. there
s a type instability.

This leads to inefficient code (at least currently), since the result will be boxed:
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----------------- r-\_;

Out[25]: Lambdalnfo template for stepl() at In[24]:1
:(begin
nothing
unless (Main.rand)((Main.colon)(-1,1)) > @ goto 4
return 1
4:
return -1.0
end)

Slide Type Sub-Slide 3

Julia realises that the output of the function can either be an Into4 or a Float64, i.e. there
IS a type instability.

This leads to inefficient code (at least currently), since the result will be boxed:

Slide Type - :

]
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In [24]: Slide Type - -
stepll) = rand(-1;1) > @ ? 1 ; -1.0 # ternary operator; if then
Out[24]: stepl (generic function with 1 method)

In [25]: Slide Type Fragment
@code_lowered stepl()

Out[25]: Lambdalnfo template for stepl() at In[24]:1
:(begin
nothing
unless (Main.rand)((Main.colon)(-1,1)) > @ goto 4
return 1
4:
return -1.0
end)

Slide Type Sub-Slide &

Julia realises that the output of the function can either be an Into4 or a Float64, i.e. there
s a type instability.
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In [24]: Slide Type - -
stepll) = rand(-1;1) > @ ? 1 ; -1.0 # ternary operator; if then
Out[24]: stepl (generic function with 1 method)

In [25]: Slide Type Fragment
@code_lowered stepl()

Out[25]: Lambdalnfo template for stepl() at In[24]:1
:(begin
nothing
unless (Main.rand)((Main.colon)(-1,1)) > @ goto 4
return 1
4:
return -1.0
end)

Slide Type Sub-Slide &

Julia realises that the output of the function can either be an Into4 or a Float64, i.e. there
s a type instability.
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Slide Type Sub-Slide 3

This leads to a significant performance loss:

In [29]: Slide Type - -

stepl() =randn() >@ 7 1 : -1.0 # Int64 and Floatb4

step2() =randn() > @ 7 1 : -1  # only Int64

WARNING: Method definition stepl() in module Main at In[28]:1 overwr

1tten at In[29]:1.
WARNING: Method definition stepZ() in module Main at In[28]:3 overwr
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Slide Type Sub-Slide 3
IlL
This leads to a significant performance loss:

In [29]: Slide Type - :
stepl) =randn() > Q@ 7 1 : -1.0 # Int64 and Float64

step2() =randn() >0 71 : -1  # only Into4

WARNING: Method definition stepl() in module Main at In[28]:1 overwr
itten at In[29]:1.
WARNING: Method definition step2() in module Main at In[28]:3 overwr
itten at In[29]:3.

Out[29]: step2 (generic function with 1 method)

Slide Type - .

First compile the functions by running each once:
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Slide Type Sub-Slide 4

This leads to a significant performance loss:

In [29]: Slide Type - -
steplf) = randn() > @ 2 1 : -1.0 # Int64 and Floaté4

stepZ() =randn() >0 71 : -1  # only Into4

WARNING: Method definition stepl() in module Main at In[28]:1 overwr
1tten at In[29]:1.
WARNING: Method definition step2() in module Main at In[28]:3 overwr
itten at In[29]:3.

Out[29]: step2 (generic function with 1 method)

il -

Slide Type -

First, compile the functions by running each once:

In [30]: Slide Type -
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In [31]: Slide Type - -

randn() >0 7?2 1 : -1.0 # Inté4 and Floate4

stepl( )

step2) =randn() > Q2 1 : -1  # only Intt4

WARNING: Method definition stepl() in module Main at In[297:1 overwr
itten at In[31]:1.
WARNING: Method definition stepZ2() in module Main at In[29]:3 overwr
itten at In[31]:3.

ut[31]: step2 (generic function with 1 method)

Slide Type - v
First, compile the functions by running each once;
In [30]; Slide Type - :
stepl()
step2()

Qut(30]: -1
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—
Toggle Header d definition step2() in module Main at In[29]:3 overwr
Toggle Toolbar Ji3:
0utl3  Gel Toolbar » dNone thod)
Edit Metadata Side Type - :
Raw Cell Format
First, compile the ft - o 0o once:
In [30]: Slide Type - -
stepl()
stepZ()
Out[30]: -1
In[ ]: Slide Type Sub-Slide 4

@time sum(stepl() for 1 in 1:10A7) # generator

In LK Slide Type -

-

. E—— @tima cumfctepZ() for 1 in 1:1047)
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HARNING Method definition stepZ() in module Main at In[29]:3 overwr
itten at In[31]:3.

Qut[31]: stepZ (generic function with 1 method)
First, compile the functions by running each once:

In [32]: stepl()
step2()

Out[3Z]: 1
In [ ]: @ ime sum(stepl() for i in 1:10A7) # generator
In [ ]: @time sum(stepZ() for 1 in 1:10A7)

Excess allocations are usually a sign of type instability.

5.2 Inlining
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itten at In[31]:3.

Out[31]: step2 (generic function with 1 method)
First, compile the functions by running each once:

In [32]: stepl()
stepZ()

Out[32]: 1

In [33];: @time sum(stepl() for i in 1:10A7) # generator
0.497668 seconds (15.@2 M allocations: 229.910 MB, 2.91% gc time)
Out[33]: -188.0

In [34]: @time sum(step2() for 1 in 1:10A7)
0.103496 seconds (16.22 k allocations: ©97.330 KB)
Out[34]: 5764
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First, compile the functions by running each once:

In [32]: stepl()
stepZ()

Out[3Z2]: 1

In [33]: @time sum(stepl() for 1 in 1:10A7) # generator
0.497668 seconds (15.0Z2 M allocations: 229.910 MB, 2.91% gc time) |
Out[33]: -188.0 I

In [34]: @time sum(step2() for 1 1in 1:10A7)
0.1034%6 seconds (16.22 k allocations: 697.330 KB)
Out[34]: 5764

Excess allocations are usually a sign of type instability.
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In [32]: stepl()
stepZ()

Out[3Z]: 1

In [33]: @time sum(stepl() for 1 in 1:10A7) # generator
0.497668 seconds (15.02 M allocations: 229.910 MB, 2.91% gc time)
Out[33]: -188.0

In [34]: @time sum(step2() for 1 in 1:10A7)
0.103496 seconds (16.22 k allocations: 697.330 KB)
Out[34]: 5764

Excess allocations are usually a sign of type instability.

9.2 Inlining
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First, compile the functions by running each once:

In [32]: stepl()
stepZ()

Out[32]: 1

In [33]: @time sum(stepl() for 1 in 1:10A7) # generator
0.497668 seconds (15.02 M allocations: 229.910 MB, 2.91% gc time)
Out[33]: -188.0

In [34]: @time sum(step2() for 1 in 1;10A7)
0.1034% seconds (16.22 k allocations: 697.330 KB)
Qut[34]: 5764

Excess allocations are usually a sign of type instability.
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Out[31]:

In [32]:

Out[32]:

In [33]:

Out[33]:

step2() =randn() >0 7?2 1 : -1  # only Intb4

WARNING: Method definition stepl() in module Main at In[29]:1 overwr
itten at In[31]:1.

WARNING: Method definition step2() in module Main at In[29]:3 overwr
itten at In[31]:3.

step2 (generic function with 1 method) I

First, compile the functions by running each once:

stepl()
stepZ()

1

@time sum(stepl() for 1 in 1:10A7) # generator

0.497668 seconds (15.02 M allocations: 229,910 MB, 2.91% gc time)
-188.0

In [34]:

@time sum(step2() for 1 in 1:10A7)
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This leads to a significant performance loss:

In [31]: steplQ =randn() > @ 72 (1 ¢ -1.0 # Int64 and Floaté4

step2() =randn() >0 71 : -1  # only Intt4

WARNING: Method definition stepl() in module Main at In[29]:1 overwr
1tten at In[31]:1.
WARNING: Method definition step2() in module Main at In[29]:3 overwr
1tten at In[31]:3.

Out[31]: stepZ (generic function with 1 method)

First, compile the functions by running each once:
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This leads to a significant performance loss:

In [31]: stepl) = randn() > @ ?51 : =1.0 # Int64 and Float6t4

step2() =randn() > @21 : -1  # only Intt4

WARNING: Method definition stepl() in module Main at In[29]:1 overwr
itten at In[31]:1.
WARNING: Method definition step2() in module Main at In[29]:3 overwr
ttten at In[31]:3,

Qut[31]: step2 (generic function with 1 method)

First, compile the functions by running each once:

In [32]: stepl()

Pl Ty O e
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This leads to a significant performance loss:

In [31]: stepl() =randn() > @ 7 1 : -1.0 # Inté4 and Float64

stepZ() =randn() > @ 7?1 : -1  # only Inte4

WARNING: Method definition stepl() in module Main at In[29]:1 overwr
itten at In[31]:1.
WARNING: Method definition step2() in module Main at In[29]:3 overwr
1tten at In[31]:3.

Out[31]: step2 (generic function with 1 method)

First, compile the functions by running each once:

In [32]: stepl()
stepZ()

Out[32]: 1
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This leads to a significant performance loss:

In [31]: stepl() =randn() > @ 7 1 : -1.0 # Inté4 and Float64

stepZ() =randn() > @ 7?1 : -1  # only Inte4

WARNING: Method definition stepl() in module Main at In[29]:1 overwr
itten at In[31]:1.
WARNING: Method definition stepZ2() in module Main at In[29]:3 overwr
1tten at In[31]:3.

Out[31]: step2 (generic function with 1 method)

First, compile the functions by running each once:

In [32]: stepl()
stepZ()

Out[32]: 1
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Out[32]: 1 |

In [33]: @time sum(stepl() for 1 in 1:;10A7) # generator
0.497668 seconds (15.02 M allocations: 229.910 MB, 2.91% gc time)
Out[33]; -188.0

In [34]: @time sum(step2() for 1 in 1:10A7)
0.103496 seconds (16.22 k allocations: 697.33@ KB)
Out[34]: 5764

Excess allocations are usually a sign of type instability.

5.2 Inlining

In[ ]: h1(x) = 3x
hZ(x) = h1(5x)
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In [33]: @time sum(stepl() for 1 in 1:10A7) # generator
0.497668 seconds (15.02 M allocations: 229.910 MB, 2.91% gc time)
Out[33]: -188.0

In [34]: @time sum(step2() for 1 in 1:10A7)
0.103496 seconds (16.22 k allocations: 697.330 KB)
Out[34]: 5764

Excess allocations are usually a sign of type instability.

In [*]: @code_warntype stepl()

* 9.2 Inlining

In [ ]: h1(x) = 3x

.. . "% .4 .. ™
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In [34]: @time sum(step2() for 1 in 1:10A7)
0.103496 seconds (16,22 k allocations: 697.330 KB) |
Out[34]: 5764 |

Excess allocations are usually a sign of type instability.

In [35]: @code_warntype stepl()

Variables:
#self#: :#stepl
r::UInt6d
rabs: :Intb4
1dx: :Int64
x::Floatod
#temp#@_6: :Union{Bool ,Intb4}
#temp#@_7::Float6d
ftemp#@_8: :Floatbd
fx::Floatb4

Body:
begig__



File Edit  View Insert Cell Kernel  Navigate ~ Widgets  Help Julia0.5.0 O

In [34]: @time sum(step2() for 1 1n 1:10A7)
0.103496 seconds (16.22 k allocations: 697.330 KB)
Qut[34]: 5764

Excess allocations are usually a sign of type instability.

In [35]: @code_warntype stepl()

f e ———————————————————t
Variables:

. #self#: #stepl
r::UIntod
rabs: :Intb4
1dx: :Into4
X::Floatb4
#temp#@_6: :Union{Bool, Intb4}
#temp#@_7: :Floatbd
#temp#@_8: :Float64
fx::Floatbd

Body:

hanin
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Out[34]: 5764
Excess allocations are usually a sign of type instability.

In [35]: @code_typed stepl()

R R R BRBRRRRD=—_—__BHB_HBEEEEEEEEDBEEBEBEBmmmmmm
Variables:

dself#: #stepl

r::UInt64

rabs; : Int64

Ldx: : Intbd

Xx::Floatbd

#temp#@_6: :Unmon{Bool, Intb4}
#temp#@_7: :Floatbd
#temp#@_8::Floatbd
fx::Floatb4

Body:
begin
$(Expr(:inbounds, false))
# meta: location random.jl randn 1129
$(Expr(:inbounds, false))
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Out[34]: 5764
Excess allocations are usually a sign of type instability.

In [*]: @code_typed stepl()

* 5.2 Inlining

In [ ]: h1(x) = 3x
hZ2(x) = h1(5x)

In [ ]: @code_lowered h2(10)
In [ ]: @code_typed h2(10)

In [ ]: @code_llvm h2(10)

Tilia kae inlinad tha fiinetinn Bl ints b?
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Excess allocations are usually a sign of type instability.

In [36]: @code_typed stepl()

LambdaInfo for stepl()
:(begin
$(Expr(:inbounds, false))
# meta: location random.jl randn 1129
$(Expr(;inbounds, false))
# meta: location random.jl randn 1129
$(Expr(:inbounds, true)) # line 1130:
‘ $(Expr(:inbounds, false))
# meta: location random.jl rand_ui52 263
$(Expr(:1nbounds, false))
# meta: location random.jl rand_uiS52_raw 125
$(Expr(:inbounds, false))
# meta: location random.jl reserve_1 111
unless ((Core.getfield)(Base.Random.GLOBAL_RNG, :1dx)::Intb4
=== (Base.box)(Int64,(Base.sext_int)(Int64,Base.Random MTCachelengt
h)))::Bool goto 25
# meta: location random.jl gen_rand 107
SSAValue(1) = (Core.aetfield)(Base . Random.GLOBAL RNG. :stat
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In [36]: @code_typed stepl()
| e ntiibsiiiiine B—————

- Lambdalnfo for stepl()
:(begin

$(Expr(:inbounds, false))

# meta: location random.jl randn 1129

$(Expr(:inbounds, false))

# meta: location random.jl randn 1129

$(Expr(:inbounds, true)) # line 1130:

$(Expr(:inbounds, false))

# meta: location random.jl rand_ui52 263

~ $(Expr(:inbounds, false))

# meta: location random.jl rand_uiSZ2_raw 125

$(Expr(:inbounds, false))

# meta: location random.jl reserve_l 111

unless ((Core.getfield)(Base,Random,GLOBAL_RNG, :1dx)::Intb4
=== (Base.box)(Int64,(Base.sext_int)(Intb4,Base.Random.MTCachelengt
h)))::Bool goto 25

# meta: location random.jl gen_rand 107

5SAValue(l) = (Core.getfield)(Base.Random.GLOBAL_RNG, :stat

e)::Base.dSFMT.DSFMT _state
CRAVAal el AY = (Tare netf1e1dY Race Randam Gl NRAI RNG -wal
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 Qut[36]: LambdaInfo for stepl() |

:(begin

$(Expr(:inbounds, false))

# meta: location random.jl randn 1129

$(Expr(:inbounds, false))

# meta: location random.jl randn 1129

$(Expr(:inbounds, true)) # line 1130:

$(Expr(:inbounds, false))

# meta: location random.jl rand_ui52 263

$(Expr(:inbounds, false))

# meta: location random.jl rand_uidZ2_raw 125

$(Expr(:inbounds, false))

# meta: location random.jl reserve_l 111

unless ((Core.getfield)(Base.Random.GLOBAL_RNG, :idx)::Int64
=== (Base.box)(Int64,(Base.sext_int)(Intb4,Base.Random.MTCachelengt
h)))::Bool goto 25

# meta: location random.jl gen_rand 107

SSAValue(l) = (Core.getfield)(Base.Random.GLOBAL_RNG, :stat

e): :Base.dSFMT.DSFMT _state
CQAVAlalrAY = ((nre natfialARaca Randam I NRAI RNG +ual

9.2 Inlining
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 Qut[36]: LambdaInfo for stepl() |

:(begin

$(Expr(:inbounds, false))

# meta: location random.jl randn 1129

$(Expr(:inbounds, false))

# meta: location random.jl randn 1129

$(Expr(:inbounds, true)) # line 1130:

$(Expr(:inbounds, false))

# meta: location random.jl rand_ui52 263

$(Expr(:inbounds, false))

# meta: location random.jl rand_uidZ2_raw 125

$(Expr(:inbounds, false))

# meta: location random.jl reserve_l 111

unless ((Core.getfield)(Base.Random.GLOBAL_RNG, :idx)::Int64
=== (Base.box)(Int64,(Base.sext_int)(Intb4,Base.Random.MTCachelengt
h)))::Bool goto 25

# meta: location random.jl gen_rand 107

SSAValue(l) = (Core.getfield)(Base.Random.GLOBAL_RNG, :stat

e): :Base.dSFMT.DSFMT _state
CQAVAlalrAY = ((nre natfialARaca Randam I NRAI RNG +ual

9.2 Inlining
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$(Expr(;inbounds, true)) # line 1130;

$(Expr(:inbounds, false))

# meta: location random.jl rand_ui52 263

$(Expr(:inbounds, false))

# meta: location random.jl rand_ui52_raw 125

$(Expr(:inbounds, false))

# meta: location random.jl reserve_1 111

unless ((Core.getfield)(Base.Random.GLOBAL_RNG, :1dx)::Int64
=== (Base,box)(Int64,(Base,sext_int)(Intb4,Base,Random.MTCachelengt
h)))::Bool goto 25

# meta: location random.jl gen_rand 107

SSAValue(1l) = (Core.getfield)(Base.Random.GLOBAL_RNG, :stat
e).:Base.dSFMT. DSFMT _state

SSAValue(@) = (Core.getfield)(Base.Random.GLOBAL_RNG, :val
s)::Array{Floatt4,1}

$(Expr(:invoke, Lambdalnfo for dsfmt_fill_array_closel_open
2!(::Base.dSFMT.DSFMT_state, ::Ptr{Floatbd4}, ::Intbd4), :(Base.Rando
m.dsfmt_f1ill_array_closel_openZ!), SSAValue(1l), :((Core.ccall)(:jl_a

& i N e N

5.2 Inlining
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# meta: location random.jl rand_uidZ 263

$(Expr(:inbounds, false))

# meta: location random.jl rand_uiS52_raw 125

$(Expr(:1nbounds, false))

# meta: location random.jl reserve_1 111

unless ((Core.getfield)(Base.Random.GLOBAL_RNG, :idx)::Intb4
=== (Base.box)(Int64,(Base.sext_int)(Intb4,Base.Random.MTCachelengt
h)))::Bool goto 25

# meta: location random.jl gen_rand 107

SSAValue(1l) = (Core.getfield)(Base.Random.GLOBAL_RNG, :stat
e)::Base,dSFMT.DSFMT_state

SSAValue(@) = (Core.getfield)(Base.Random.GLOBAL_RNG, :val
s)::Array{Float64,1}

$(Expr(:invoke, LambdaInfo for dsfmt_fill_array_closel_open
2!(::Base.dSFMT.DSFMT _state, ::Ptr{Floatbd4}, ::Int64), :(Base.Rando
m.dsfmt_fill_array_closel_openZ!), SSAValue(1l), :((Core.ccall)(:jl_a
rray_ptr,(Core.apply_type)(Base.Ptr,Floated): :Type{Ptr{Float6d}},(Co
re.svec)(Base.Any)::SimpleVector,SSAValue(@),0): :Ptr{Floatb4}), :((B

ase.arraylen)((Core.getfield)(Base.Random.GLOBAL_RNG, :vals): :Array{F
Inathd 11V TRdRANY) £ 11ina 10R:

9.2 Inlining
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# meta: location random.jl rand_ui52 263

$(Expr(:inbounds, false))

# meta: location random.jl rand_ui52_raw 125

$(Expr(:inbounds, false))

# meta: location random.jl reserve_l1 111

unless ((Core.getfield)(Base.Random.GLOBAL_RNG, :1dx)::Intb4
=== (Base.box)(Int64,(Base.sext_int)(Into4,Base.Random.MTCachelengt
h)))::Bool goto 25

# meta: location random.jl gen_rand 107

SSAValue(l) = (Core.getfield)(Base.Random.GLOBAL_RNG, :stat
e)::Base.dSFMT.DSFMT _state

SSAValue(@) = (Core,getfield)(Base.Random.GLOBAL_RNG, :val
s)::Array{Float64,1}

$(Expr(:invoke, LambdaInfo for dsfmt_fill_array_closel_open
2!(::Base.dSFMT,DSFMT _state, ::Ptr{Float64}, ::Int64), :(Base.Rando
m.dsfmt_fill_array_closel_open2!), SSAValue(l), :((Core.ccall)(:jl_a
rray_ptr,(Core.apply_type)(Base.Ptr,Float6d): :Type{Ptr{Floatbd}},(Co
re.svec)(Base.Any)::SimpleVector,SSAValue(@),0): :Ptr{Float64}), :((B
ase.arraylen)((Core.getfield)(Base.Random.GLOBAL_RNG, :vals): :Array{F
loatbd.1})::Inted))) # line 108:

9.2 Inlining
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# meta: location random.jl reserve_l 111

unless ((Core.getfield)(Base.Random,GLOBAL_RNG, :1dx)::Int64
=== (Base.box)(Int64,(Base,sext_int)(Intb4,Base,Random MTCachelengt
h)))::Bool goto 25

# meta: location random.jl gen_rand 107

SSAValue(l) = (Core.getfield)(Base.Random.GLOBAL_RNG, :stat
e)::Base.dSFMT.DSFMT _state

SSAValue(®) = (Core.getfield)(Base.Random.GLOBAL_RNG, :val
s)::Array{Float64,1}

$(Expr(:invoke, LambdaInfo for dsfmt_fill_array_closel_open
2!(::Base,dSFMT,DSFMT_state, ::Ptr{Floatb4}, ::Intb64), :(Base.Rando
m.dsfmt_fill_array_closel_open2!), SSAValue(l), :((Core.ccall)(:jl_a
rray_ptr, (Core.apply_type)(Base.Ptr,Float64): : Type{Ptr{Float64}},(Co
re.svec)(Base.Any)::SimpleVector,SSAValue(@),0): :Ptr{Floatb4}), :((B
ase.arraylen)((Core.getfield)(Base.Random.GLOBAL_RNG, :vals): :Array{F
loat64,1})::Int64))) # line 108:

# meta: location random.jl mt_setfull! 102

(Core,setfield!)(Base,Random,GLOBAL_RNG, ;1dx,9): : Intb4

# meta: pop location

9.2 Inlining
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# meta: location random.jl reserve_l 111

unless ((Core.getfield)(Base.Random.GLOBAL_RNG, :idx): :Int64
=== (Base.box)(Int64,(Base.sext_int)(Inte4,Base.Random.MTCachelengt
h)))::Bool goto 25

# meta: location random.jl gen_rand 107

SSAValue(1l) = (Core.getfield)(Base,Random,GLOBAL_RNG, :stat
e)::Base,dSFMT,DSFMT _state

SSAValue(@) = (Core.getfield)(Base.Random.GLOBAL_RNG, :val
s)::Array{Float64,1}

$(Expr(:invoke, Lambdalnfo for dsfmt_fill_array_closel_open
21(::Base.dSFMT.DSFMT_state, ::Ptr{Floatbd4};, ::Intb4), :(Base.Rando
m.dsfmt_fill_array_closel_openZ!), SSAValue(l), :((Core.ccall)(:jl_a
rray_ptr,(Core.apply_type)(Base.Ptr,Float64): : Type{Ptr{Float64}},(Co
re.svec)(Base.Any)::SimpleVector,SSAValue(@),0): :Ptr{Float64}), :((B
ase.arraylen)((Core.getfield)(Base.Random.GLOBAL_RNG, :vals): :Array{F
loat64,1})::Int64))) # line 108:

# meta: location random.jl mt_setfull! 102

(Core.setfield!)(Base.Random.GLOBAL_RNG, :1dx,@): :Intb4

# meta: pop location

9.2 Inlining
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$(Expr(: 1nvuke Lambdalnfo for dsfmt_fill_array_closel_open
2!(::Base.dSFMT.DSFMT_ 5tute ::Ptr{Floatbd4}, ::Int6d), :(Base.Rando
m.dsfmt_fi11_urruy_c105&1_npen2!), 5SAValue(l), :((Core.ccall)(:jl_a
rray_ptr,(Core.apply_type)(Base.Ptr,Float64): :Type{Ptr{Float64}},(Co
re.svec)(Base.Any)::SimpleVector,SSAValue(®),9): :Ptr{Float64}), :((B
ase.arraylen)((Core.getfield)(Base.Random,GLOBAL_RNG, :vals): :Array{F
loat64,1})::Int64))) # line 108:

# meta: location random.jl mt_setfull! 102

(Core.setfield!)(Base.Random.GLOBAL_RNG, :1dx,): : Intb4

# meta: pop location

# meta: pop location

ftemp#@ 6 = 0
goto 27

25

#temp#@_b = false
27:

# meta: pop location
$(Expr(:inbounds, :pop))
#temp#@ 6

9.2 Inlining
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$(Expr(: 1nvuke Lambdalnfo for dsfmt_fill_array_closel_open
2!(::Base.dSFMT.DSFMT_ 5tute ::Ptr{Floatbd4}, ::Int6d), :(Base.Rando
m.dsfmt_fi11_urruy_c105&1_npen2!), 5SAValue(l), :((Core.ccall)(:jl_a
rray_ptr,(Core.apply_type)(Base.Ptr,Float64): :Type{Ptr{Float64}},(Co
re.svec)(Base.Any)::SimpleVector,SSAValue(),9): :Ptr{Float64}), :((B
ase.arraylen)((Core.getfield)(Base.Random,GLOBAL_RNG, :vals): :Array{F
loat64,1})::Int64))) # line 108:

# meta: location random.jl mt_setfull! 102

(Core.setfield!)(Base.Random.GLOBAL_RNG, :1dx,): : Intb4

# meta: pop location

# meta: pop location

ftemp#@ 6 = 0
goto 27

25

#temp#@_b = false
27:

# meta: pop location
$(Expr(:inbounds, :pop))
#temp#@ 6

9.2 Inlining
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$(Expr(:invoke, LambdaInfo for dsfmt_fill_array_closel_open
2!(::Base.dSFMT.DSFMT_state, ::Ptr{Float64}, ::Int64), :(Base.Rando
m.dsfmt_fill_array_closel_open2!), SSAValue(l), :((Core.ccall)(:jl_a
rray_ptr,(Core.apply_type)(Base.Ptr,Float6d): : Type{Ptr{Floatb4}},(Co
re.svec)(Base.Any): :SimpleVector,SSAValue(@),0): :Ptr{Floatb4}), :((B
ase.arraylen)((Core,getfield)(Base.Random, GLOBAL_RNG, :vals): :Array{F
loated,1})::Intbd))) # 1ine 108:

# meta: location random,jl mt_setfull! 102

(Core,setfield!)(Base,Random.GLOBAL_RNG, : 1dx,@): : Int64

# meta: pop location

# meta: pop location

fttemph@ 6 = 0
goto 27

25:

#temp#@ b = false
7.

# meta: pop location
$(Expr(:inbounds, :pop))

#temp#@_b
CEvarl vinhannde  falea))

9.2 Inlining
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0.497668 seconds (15.02 M allocations: 229.910 MB, 2.91% gc time)
Out[33]: -188.0

In [34]: @time sum(step2() for 1 1in 1:10A7)
0.103496 seconds (16,22 k allocations: 697,330 KB)
Qut[34]: 5764

Excess allocations are usually a sign of type instability.

In [36]: @code_typed stepl()
B 4 - 421 o B —
‘ goto 27

Fia

#temp#@_b6 = false

£l

# meta: pop location

$(Expr(:inbounds, :pop))

ftemp#@_b

$(Expr(:inbounds, false))

# meta: location random.jl rand_ui5Z_raw_inbounds 124
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Excess allocations are usually a sign of type instability.

In [36]: @code_typed stepl()
I 1 - . ——
goto 27
25.
#temp#®_6 = false
el
# meta: pop location
$(Expr(:inbounds, :pop))
f#temp#@_6
$(Expr(:inbounds, false))
# meta: location random.jl rand_ui52_raw_inbounds 124
$(Expr(:inbounds, false))
# meta: location random.jl rand_inbounds 117
$(Expr(:inbounds, false))
# meta: location random.jl mt_pop! 104
$(Expr(:inbounds, true))
SSAValue(2) = (Core.getfield)(Base.Random.GLOBAL_RNG, :val
s)::Array{Float64,1}
SSAValue(3) = (Base.box)(Int6é4,(Base.add_int)((Core.getfiel
d)(Base,Random.GLOBAL_RNG, :1dx): :Intb4,1))
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$(Expr(:inbounds, :pop))
#temp#o_b
$(Expr(:inbounds, false))
# meta: location random.jl rand_ui5Z2_raw_inbounds 124
$(Expr(:inbounds, false))
# meta: location random.jl rand_inbounds 117
$(Expr(:inbounds, false))
# meta: location random,.jl mt_pop! 104
$(Expr(:inbounds, true))
SSAValue(2) = (Core.getfield)(Base.Random.GLOBAL_RNG, :val
s)::Array{Floato4,1}
SSAValue(3) = (Base.box)(Int64, (Base.add_int)((Core.getfiel
d)(Base.Random.GLOBAL_RNG, : 1dx)::Intb4,1))
(Core.setfield!)(Base,Random,GLOBAL_RNG, ; 1dx,SSAValue(3))::1

.
|

In [38]: @code_warntype stepl()

Variables:
#self#: :#stepl
r::UIntbd
rabs: :Intb4
1dx::Int64
X :Float64
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$(Expr(:inbounds, :pop))
#temp#o_b
$(Expr(:inbounds, false))
# meta: location random.jl rand_ui5Z2_raw_inbounds 124
$(Expr(:inbounds, false))
# meta: location random.jl rand_inbounds 117
$(Expr(:inbounds, false))
# meta: location random,.jl mt_pop! 104
$(Expr(:inbounds, true))
SSAValue(2) = (Core.getfield)(Base.Random.GLOBAL_RNG, :val
s)::Array{Floato4,1}
SSAValue(3) = (Base.box)(Int64, (Base.add_int)((Core.getfiel
d)(Base.Random.GLOBAL_RNG, : 1dx)::Intb4,1))
(Core.setfield!)(Base,Random,GLOBAL_RNG, ; 1dx,SSAValue(3))::1

.
|

In [38]: @code_warntype stepl()

Variables:
#self#: :#stepl
r::UIntbd
rabs: :Intb4
1dx::Int64
X :Float64
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# meta: location random. jl rand_ui52_raw_inbounds 124

$(Expr(:inbounds, false))

# meta: location random.jl rand_inbounds 117

$(Expr(:inbounds, false))

# meta: location random.jl mt_pop! 104

$(Expr(:inbounds, true))

SSAValue(Z2) = (Core.getfield)(Base.Random.GLOBAL_RNG, :val
s)::Array{Floatb4,1}

SSAValue(3) = (Base.box)(Int64,(Base.add_int)((Core.getfiel
d)(Base.Random.GLOBAL_RNG, :1dx)::Int64,1))

(Core.setfield!)(Base.Random, GLOBAL_RNG, ; 1dx,SSAValue(3))::1

.

In [38]: @code_warntype stepl()

\ Variables:
#self#: :#stepl
r::UInte4
rabs: : Intod
1dx::Into4
X::Float64
#temp#@_6: :Union{Bool,Intb4}
#temp#@_/: :Floatb4d
#temp#@ 8::Floatod

s <Y o =i ™ d
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$(Expr(;inbounds, true))

SSAValue(2) = (Core,getfield)(Base,Random,GLOBAL_RNG, :val
s)::Array{Floatb4,1}

5SAValue(3) = (Base.box)(Intb4,(Base.add_int)((Core.getfiel
d)(Base.Random.GLOBAL_RNG, :1dx)::Inte4,1))

(Core.setfield! )(Base.Random.GLOBAL_RNG, :1dx,S5AValue(3))::1

TRl |

In [38]: @code_warntype stepl()

Variables:

#self#: #stepl
r::UInt64

rabs: :Intb4d

1dx: :Intbd

X::Floatod

#temp#@_6: :Union{Bool, Int64}
#temp#@_7: :Floatb4
#temp#@_8: :Float64
fx::Floatb4

Body:
begin
$(Expr(:inbounds, false))

# mata* larAari1an rAandam 91 randrn 11720
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$(Expr(:inbounds, true)) # line 1130:
$(Expr(:inbounds, false))

# metn' Inratinn random 11 eand 1182 2R3

9.2 Inlining

In[]: h1(x) = 3x
hZ(K) = hl(SX)

In [ ]: @code_lowered h2(10)
In [ ]: @code_typed h2(10)

In [ ]: @code_llvm h2(1@)

Julia has inlined the function hl into hZ.

6 User-defined types
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$(Expr(:inbounds, true)) # line 1130:
$(Expr(:inbounds, false))

# metn' Inratinn random 11 eand 1182 2R3

9.2 Inlining

In[]: h1(x) = 3x
hZ(K) = hl(SX)

In [ ]: @code_lowered h2(10)
In [ ]: @code_typed h2(10)

In [ ]: @code_llvm h2(1@)

Julia has inlined the function hl into hZ.

6 User-defined types
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Ioa o Wl LWT

rabs: :Int64

1dx: :Int64

x::Floatod

#temp#@_6: :Union{Bool, Intt4}
#temp#@_7: :Float64
#temp#@_8::Floatod
fx::Floatbd

Body:
begin

$(Expr(:inbounds, false))

# meta: location random.jl randn 1129
$(Expr(:inbounds, false))

# meta: location random.jl randn 1129
$(Expr(:inbounds, true)) # line 1130:
$(Expr(:inbounds, false))

# meta: location random.jl rand_ui5Z 263

5.2 Inlining

3%
h1 /By

In[ ]: h1(x)
2wy

LI
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Inf )

Fin b

#temp#®_6::Unton{Bool,Int64} = false

27

# meta: pop location

$(Expr(:inbounds, :pop))

#temp#@_6: :Union{Bool, Intb4}

$(Expr(:inbounds, false))

# meta: location random.jl rand_uiS2_raw_inbounds 124

$(Expr(:inbounds, false))

# meta: location random.jl rand_inbounds 117

$(Expr(:inbounds, false))

# meta: location random.jl mt_pop! 104

$(Expr(:inbounds, true))

SSAValue(2) = (Core.getfield)(Base.Random.GLOBAL_RNG, :vals)::A
rray{Float64,1}

SSAValue(3) = (Base.box)(Int64,(Base.add_int)((Core.getfield)

(Base.Random.GLOBAL_RNG, :1dx): :Intb4,1))
(Cnre <atfi1eldlXRnca Random Gl ORAI RNG -1dx SSAValual3NY: - Tnt

5.2 Inlining

3%
h1 /Sy

h1(x)
Wy
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Inf )

# meta. location random.jl rand_uilSZ_raw_inbounds 124

$(Expr(:inbounds, false))

# meta: location random.jl rand_inbounds 117

$(Expr(:inbounds, false))

# meta: location random.jl mt_pop! 104

$(Expr(:inbounds, true))

SSAValue(2) = (Core.getfield)(Base.Random.GLOBAL_RNG, :vals)::A
rray{Float6d,1}

SSAValue(3) = (Base.box)(Intb4,(Base.add_int)((Core.getfield)
(Base.Random.GLOBAL_RNG, :1dx): :Int64,1))

(Core.setfield!)(Base.Random.GLOBAL_RNG, :idx,SSAValue(3))::Int
o4

#temp#@_7::Floate4 = (Base.arrayref)(SSAValue(2),SSAValue
(3))::Floatb4

goto 44

$(Expr(:inbounds, :pop))

44

5.2 Inlining

3%
h1 /Sy

h1(x)
Wy
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In [ ]:

In[ ]
Ink &

In[ ]:

5
return -1.0
end: :Union{Floatt4,Int64}

5.2 Inlining

h1(x) = 3x
h2(x) = h1(5x)

@code_lowered h2(10)
@code_typed hZ(10)

@code_l1lvm h2(19)

Julia has inlined the function h1 into h2.

6 User-defined types

Widgets

Help

& |Julia0s.0 O
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(Base.Bool,(Base.or_int)((Base.eq_float)(fx::Float64,9.2233720368547
76e18)::Bool,(Base.slt_int)(Q, (Base.box)(Int64,(Base.fptosi)(Int64,f
X::Float4)))::Bool)))))) goto 85

return 1

85:
return -1.0
end; :Unton{Floatb4,Intb4}

* 5.2 Inlining

In[ ]: hl(x) = 3x
h2(x) =Eh1(51)

In [ ]: @code_lowered h2(10)
In [ ]: @code_typed hZ2(10)

In [ ]: @code_llvm h2(10)
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fx::Floatb4 = (Base.box)(Floatb4,(Base.sitofp)(Float64,d))

# meta: pop location

# meta: pop location

$(Expr(:inbounds, :pop))

unless (Base.box)(Base.Bool,(Base.or_int)((Base.lt_float)(fx::
Floatbd, #temp#@_8::Floatb4); :Bool, (Base,box)(Base,Bool,(Base.and_tn
t)((Base.eq_float)(fx::Floatb4, #temp#®_8: :Float64): :Bool, (Base.box)
(Base.Bool,(Base.or_int)((Base.eq_float)(fx::Floatb4,9.2233720368547
76e18)::Bool,(Base.slt_int)(@,(Base.box)(Intb4,(Base.fptosi)(Int64,f
x::Floatb4)))::Bool)))))) goto 85

return 1

85:
return -1.0
end; :Union{Float64, Int6d}

5.2 Inlining

In[ 1: hl(x) = 3x
h2(x) = h1(5x)

In [ ]: @code_lowered h2(10)
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fx::Floatb4 = (Base.box)(Floatb4,(Base.sitofp)(Float64,d))

# meta: pop location

# meta: pop location

$(Expr(:inbounds, :pop))

unless (Base.box)(Base.Bool,(Base.or_int)((Base.lt_float)(fx::
Floatbd, #temp#@_8::Floatb4); :Bool, (Base,box)(Base,Bool,(Base.and_tn
t)((Base.eq_float)(fx::Floatb4, #temp#®_8: :Float64): :Bool, (Base.box)
(Base.Bool,(Base.or_int)((Base.eq_float)(fx::Floatb4,9.2233720368547
76e18)::Bool,(Base.slt_int)(@,(Base.box)(Intb4,(Base.fptosi)(Int64,f
x::Floatb4)))::Bool)))))) goto 85

return 1

85:
return -1.0
end; :Union{Float64, Int6d}

5.2 Inlining

In[ 1: hl(x) = 3x
h2(x) = h1(5x)

In [ ]: @code_lowered h2(10)
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In [32]: stepl()
step2()

Out[32]: 1

In [33]: @time sum(stepl() for 1 in 1:10A7) ¥ generator
0.497668 seconds (15.02 M allocations: 229.910 MB, 2.91% gc time)
Qut[33]: -188.0

In [34]: @time sum(stepZ() for 1 in 1:10A7)
0.103496 seconds (16.2Z k allocations: ©97.330 KB)
Out[34]: 5764

Excess allocations are usually a sign of type instability.

In [36]: @code_typed stepl()

I . ¢/
goto 27
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In [32]: stepl()
step2()

Out[32]: 1

In [33]: @time sum(stepl() for 1 in 1:10A7) ¥ generator
0.497668 seconds (15.02 M allocations: 229.910 MB, 2.91% gc time)
Qut[33]: -188.0

In [34]: @time sum(stepZ() for 1 in 1:10A7)
0.103496 seconds (16.2Z k allocations: ©97.330 KB)
Out[34]: 5764

Excess allocations are usually a sign of type instability.

In [36]: @code_typed stepl()

I . ¢/
goto 27
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Int

This leads to a significant performance loss:

In [31]: stepl() =randn() > @ 7?1 : -1.0 # Int64 and Floatt4

step2() =randn() > @7 1 : -1  # only Inte4

WARNING: Method definition stepl() in module Main at In[29]:1 overwr
itten at In[31]:1.
WARNING: Method definition step2() in module Main at In[29]:3 overwr
1tten at In[31]:3.

"..rna41m . Py [Tl R S STCTa T o) PR, - ANty (3. ST TR oy 0 P WA [T SRR T
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Int

00000011

3

This leads to a significant performance loss:

In [31]: stepl() =randn() >0 7?1 : -1.0 # Intb4 and Float64

stepZOQ =randn() >0 71 : -1  # only Into4

MIAaERITRAIE . Blail b d Jo=8 wg & o og g gl

Julia05.0 O

-l Y e .J.. -1 . l..-.: . = e r""'lﬂ'l ] = o oam _oamn o oam



File Edit View Insert Cell Kernel Navigate Widgets Help Julia 0.5.0 O

Julia realises that the output of the function can either be an Intb4 or a Floatb4, i.e. there
is a type instability.

This leads to inefficient code (at least currently), since the result will be boxed:

Int

00000011

3

This leads to a significant performance loss:
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JUlla realises that the output or the runction can eitner be an LNto4 or a FLoato4, 1.e. there
is a type instability.

This leads to inefficient code (at least currently), since the result will be boxed:

Int

00000011

3

This leads to a significant performance loss:
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Julia realises that the output of the Tunction can either be an Lntb4 ora k Loatb4, 1.e. there

s a type instability.

This leads to inefficient code (at least currently), since the result will be boxed:
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Julia realises that the output of the Tunction can eitner be an Lnto4 or a FLoato4, 1.e. there
is a type instability.

This leads to inefficient code (at least currently), since the result will be boxed:

Int

This leads to a significant performance loss:
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In [31]: stepl(Q =randn() > @ 7?1 : -1.0 # Int64 and Floatb4
stepZ() =randn() > @71 : -1  # only Into4

WARNING: Method definition stepl() in module Main at In[29]:1 overwr
itten at In[31]:1.
WARNING: Method definition stepZ() in module Main at In[29]:3 overwr
itten at In[31]:3.

Out[31]: stepZ (generic function with 1 method)

First, compile the functions by running each once:

In [32]: stepl()
step2()

Out[32]: 1

In [33]: @time sum(stepl() for 1 in 1:10A7) # generator
0.497668 seconds (15.02 M allocations: 229.910 MB, 2.91% gc time)
Out[33]: -188.0
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Out[3Z]: 1

In [33]: @time sum(stepl() for 1 in 1:10A7) # generator
0.497668 seconds (15.02 M allocations: 229.910 MB, 2.91% gc time)
Out[33]: -188.0

In [34]: @time sum(stepf{} for 1 1n 1:10A7)
0.103496 seconds (16,22 k allocations: ©97.330 KB)
Out[34]: 5704

Excess allocations are usually a sign of type instability.

In [36]: @code_typed stepl()
T B T ==,
goto 27
25:
#temp#@ b = false
il

# meta: non location
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Out[3Z]: 1

In [33]: @time sum(stepl() for 1 in 1:10A7) # generator
0.497668 seconds (15.02 M allocations: 229.910 MB, 2.91% gc time)
Out[33]: -188.0

In [34]: @time sum(stepf{} for 1 1n 1:10A7)
0.103496 seconds (16,22 k allocations: ©97.330 KB)
Out[34]: 5704

Excess allocations are usually a sign of type instability.

In [36]: @code_typed stepl()
T B T ==,
goto 27
25:
#temp#@ b = false
il

# meta: non location
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Qut[32]: 1 |

In [33]: @time sum(stepl() for 1 in 1:10A7) # generator
0.497668 seconds (15.02 M allocations: 229.910 MB, 2.91% gc time) |
Out[33]: -188.0 |

£

In [34]: @time sum(stepZ() for 1 1n 1:10A7)
0.103496 seconds (16.22 k allocations: 697.330 KB)
Out[34]: 5764

Excess allocations are usually a sign of type instability,

In [36]: @code_typed stepl()
L
goto 27
25!
fitemp#@_6 = false
27
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0.103496 seconds (16.22 k allocations: ©97.330 KB)
Out[34]: 5764

Excess allocations are usually a sign of type instability.

In [36]: @code_typed stepl()
F—n.—ﬁ
#temp#@ b = false
27:
# meta: pop location
$(Expr(:inbounds, :pop))
#temp#@_b
$(Expr(:inbounds, false))
# meta: location random.jl rand_ui52_raw_inbounds 124
$(Expr(:1inbounds, false))
# meta: location random.jl rand_inbounds 117
$(Expr(:inbounds, false))
# meta: location random.jl mt_pop! 104
$(Expr(:inbounds, true))
SSAValue(2) = (Core.getfield)(Base.Random.GLOBAL_RNG, :val
s)::Array{Floatt4,1}
CCAValuel3Y = (Race hox Y Intbd (Race add intY (Core aetfiel
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$(Expr(:inbounds, :pop))
#temp#@_b
$(Expr(:inbounds, false))
# meta: location random.jl rand_uiSZ_raw_inbounds 124
$(Expr(:inbounds, false))
# meta: location random.jl rand_inbounds 117
$(Expr(:inbounds, false))
# meta: location random.jl mt_pop! 104
$(Expr(:inbounds, true))
SSAValue(2) = (Core.getfield)(Base.Random.GLOBAL_RNG, :val
s)::Array{Floato4,1}
SSAValue(3) = (Base.box)(Int64,(Base.add_int)((Core.getfiel
d)(Base.Random.GLOBAL_RNG, :1dx)::Int64,1))
: (Core.setfield!)(Base.Random.GLOBAL_RNG, :1dx,SSAValue(3))::1I
ntbd
#temp#@_7 = (Base.arrayref)(SSAValue(2),SSAValue(3)): :Floatb |

i

In [38]: @code_warntype stepl()
| ov 110 Q& 1015|817 e /104 5
# meta: pop location
$(Expr(:inbounds, :pop))
$(Expr(:inbounds, false))
# meta: location operators.il > 64
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$(Expr(:inbounds, :pop))

itemp#@_b

$(Expr(:inbounds, false))

# meta: location random.jl rand_ui5Z_raw_inbounds 124

$(Expr(:inbounds, false))

# meta: location random.jl rand_inbounds 117

$(Expr(:inbounds, false))

# meta: location random.jl mt_pop! 104

$(Expr(:inbounds, true))

SSAValue(2) = (Core.getfield)(Base.Random.GLOBAL_RNG, :val
s)::Array{Floatb4,1}

SSAValue(3) = (Base.box)(Int64,(Base.add_int)((Core.getfiel
d)(Base.Random,GLOBAL_RNG, :1dx)::Int64,1))

(Core,setfield!)(Base.Random,.GLOBAL_RNG, : 1dx, SSAValue(3))::1

\ nto4
#temp#@_7 = (Base.arrayref)(S5AValue(2),S5AValue(3)): :Floatb |

In [38]: @code_warntype stepl()
e ey tnoognesy - po ey g/ 0 0o oo oo oo/
# meta: pop location
$(Expr(;inbounds, :pop))
$(Expr(:inbounds, false))
# meta: location operators.jl > 64

sl s Viamcmimd e Y ek ol - I
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# meta: location operators.jl > 64

# meta: location float.jl < 323

fx::Floate4 = (Base.box)(Floatb4,(Base.sitofp)(Float64,®))

# meta: pop location

# meta: pop location

$(Expr(:inbounds, :pop))

unless (Base.box)(Base.Bool,(Base.or_int)((Base.lt_float)(fx::
Floatbd,#temp#@_8: :Floatbd)::Bool, (Base.box)(Base.Bool,(Base.and_in
t)((Base.eq_float)(fx::Floatbd,#temp#@_8: :Float64): :Bool,(Base.box)
(Base.Bool,(Base.or_1int)((Base.eq_float)(fx::Floatb4,9.2233720368547
70e18): :Bool,(Base.slt_int)(@,(Base.box)(Int64,(Base.fptosi)(Inte4,f
x::Floatb4)))::Bool)))))) goto 85

return 1

85:

* return -1.0
end: :Union{Float64,Intb4}

9.2 Inlining

In [ ]: h1(x) = 3x
hZ2(x) = h1(5x)
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* In[ ]

In [ ]:
In[ ]

In [ ]:

Floato4,#temp#@_8::Floatod): :Bool, (Base.box)(Base.Bool,(Base.and_1n
t)((Base.eq_float)(fx::Floatb4,#temp#@_8: :Floatb4): :Bool,(Base.box)
(Base.Bool,(Base.or_int)((Base.eq_float)(fx::Float64,9.2233720368547
70el8): :Bool,(Base.slt_int)(@,(Base.box)(Into4,(Base.fptosi)(Into4,f
X::Float64)))::Bool)))))) goto 85

return 1

85:

return -1.0

end: :Union{Floatb4,Int64}

9.2 Inlining

h1(x) = 3x
h2(x) = h1(5x)

@code_lowered h2(10)
@code_typed h2(10)

@code_11vm h2(10)
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fx::Floatb4 = (Base.box)(Floatb4,(Base,sitofp)(Float64,0))
# meta: pop location

# meta: pop location

$(Expr(:inbounds, :pop))

unless (Base.box)(Base.Bool,(Base.or_int)((Base.lt_float)(fx::
Floatb4,#temp#@ 8::Float64): :Bool, (Base.box)(Base.Bool,(Base.and_1in
t)((Base.eq_float)(fx::Float64,#temp#@_8::Float64)::Bool, (Base.box)
(Base.Bool, (Base.or_int)((Base.eq_float)(fx::Floatb4,9.2233720368547
76e18)::Bool,(Base.slt_int)(0,(Base.box)(Int64,(Base, fptosi)(Intod, f
x::Float64)))::Bool)))))) goto 85

return 1

83:

return -1.9

\ end: :Unton{Floatb4, Int64}

5.2 Inlining

In [ 1: h1(x) = 3x
hZ2(x) = h1(5x)

ITn I 1 @rnde 1owered h?7010Y



File Edit View Insert Cell Kernel Navigate  Widgets Help & |Julia050 O
itten at In[31]:3.

Out[31]: stepZ (generic function with 1 method)

First, compile the functions by running each once:

In [32]: stepl()
stepZ()

Out[32]: 1

In [33]: @time sum(stepl() for 1 in 1;10A7) # generator
. 0.497668 seconds (15.02 M allocations: 229,910 MB, 2.91% gc time)
Out[33]: -188.0

In [34]: @time sum(stepZ() for i in 1:10A7)
0.103496 seconds (16.22 k allocations: 697.330 KB)
Out[34]. 5764



File

Edit View Insert Cell Kernel Navigate Widgets Help

Qut[31].

In [32]:

Out[32]:

In [33]:

Qut[33].

In [34]:

SLEPEL) = UMY 2 U [ L . -4 # ULy L0ILUY

WARNING: Method definition stepl() 1in module Main at In
itten at In[31]:1.
WARNING: Method definition step2() in module Main at In
itten at In[31]:3.

step2 (generic function with 1 method)

First, compile the functions by running each once:

stepl()
stepZ()

1

@time sum(stepl() for i in 1:10A7) # generator

29,
29,

& |Julia03.0 O

1 overwr

3 overwr

0.497668 seconds (15.02 M allocations: 229.910 MB, 2.91% gc time)

-188.0

@time sum(stepl) for i in 1:10A7)
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Int

00000011

3

This leads to a significant performance loss:

In [31]: stepl) =randn() >0 ? 1 : -1.0 # Int64 and Floatt4

step2() =randn() > @ 72 1 : -1  # only Intt4
WARNTNG * Method defim+inn <tenlf) 1in modiile Main a+ Tnl701+1 averwr
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Julia realises that the output of the function can either be an Int64 ora Float64, i.e. there
s a type instability.

This leads to inefficient code (at least currently), since the result will be boxed:

Int

Thie laade ta a cinnifi~ant nafarman~a lace:
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VA ] CMMSATITN, U AU I DAL WG RN
:(begin
nothing
unless (Main.rand)((Main.colon)(-1,1)) > @ goto 4
return 1
4:
return -1.0
end)

Julia realises that the output of the function can either be an Int6é4 ora Floaté4, i.e. there
is a type instability.

This leads to inefficient code (at least currently), since the result will be boxed:

Int

00000011
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Julia realises that the output of the function can either be an Int64 or a Float64, i.e. there
s & type instability.

This leads to inefficient code (at least currently), since the result will be boxed:

Int

This leads to a significant performance loss:
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Int

0000011

3

This leads to a significant performance loss:

In [31]: stepl) =randn() > @ ? 1 : -1.0 # Intb4 and Float64

step2) =randn() >@?2 1 : -1  # only Inté4

WARNING: Method definition stepl() in module Main at In[29]:1 overwr
itten at In[31]:1.

WARNING: Method definition stepZ() in module Main at In[29]:3 overwr
s ddnn A+ Tnlf217 2
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Int

0000011

3

This leads to a significant performance loss:

In [31]: stepl) =randn() > @ ? 1 : -1.0 # Intb4 and Float64

step2) =randn() >@?2 1 : -1  # only Inté4

WARNING: Method definition stepl() in module Main at In[29]:1 overwr
itten at In[31]:1.

WARNING: Method definition stepZ() in module Main at In[29]:3 overwr
s ddnn A+ Tnlf217 2
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FIrsL, COIMPIE WE IUNGUONS DY runmng eacn onoe:

In [32]: stepl()
step2()

Out[32]: 1

In [33]: @time sum(stepl() for 1 in 1:10A7) ¥ generator
0.497668 seconds (15.02 M allocations: 229.910 MB, 2.91% gc time)
Out[33]: -188.0

In [34]: @time sum(stepZ) for i in 1:1047)
0.103496 seconds (16.2Z2 k allocations: ©97.33@ KB)
Out[34]: 5764

Excess allocations are usually a sign of type instability.

In [36]: @code_typed stepl()
P —————————

P L Y -
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In [32]: stepl()
stepZ()

0ut[32]: 1

In [33]: @time sum(stepl() for 1 in 1:10A7) # generator
0.497668 seconds (15.02 M allocations: 229.910 MB, 2.91% gc time)

Out[33]: -188.0

In [34];: @time sum(step2l) for i in 1:10A7)
0.103496 seconds (16.22 k allocations: ©697.330 KB)
Out[34]: 57064

Excess allocations are usually a sign of type instability.

In [36]: @code_typed stepl()
[ < I —
#temp#@ b = false
2t
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~ step2()
Out[3Z]: 1

In [33]: @time sum(stepl() for 1 in 1:10A7) # generator
0.497668 seconds (15.02 M allocations: 229.910 MB, 2.91% gc time)
Out[33]: -188.0

In [34]: @time sum(step2) for i in 1:10A7)
0.103496 seconds (16.22 k allocations: 697.330 KB)
Out[34]: 5764

Excess allocations are usually a sign of type instability.

‘In [36]: @code_typed stepl()
P ———————
#temp#@_6 = false
27:
# meta: pop location
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stepZ()
0ut[32]: 1

In [33]: @time sum(stepl() for 1 in 1:10A7) # generator
0.497668 seconds (15.02 M allocations: 229.910 MB, 2.91% gc time)
Out[33]: -188.0

In [34]: @time sum(step2l) for i in 1:10A7)
0.103496 seconds (16.22 k allocations: 697.330 KB)
Out[34]: 5704

Excess allocations are usually a sign of type instability.

vIn [36]: @code_typed stepl()
R I R R R R R R AR —————————=,
Htemp#@_b = false
27:

# meta: pop location
tfl:vnm" L] '; thl II"H"IE" L3 Hﬂﬂﬁl‘.’l
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Out[34]: 5764
Excess allocations are usually a sign of type instability.

In [36]: @code_typed stepl()

e i~ EEEE——

f#temp#@ 6 = false

27:

# meta: pop location

$(Expr(:inbounds, :pop))

#ttemp#@_b

$(Expr(:1nbounds, false))

# meta: location random.jl rand_ui52_raw_inbounds 124

$(Expr(:inbounds, false))

# meta: location random.jl rand_inbounds 117

$(Expr(:inbounds, false))

# meta: location random.jl mt_pop! 104

$(Expr(:inbounds, true))

SSAValue(2) = (Core.getfield)(Base.Random.GLOBAL_RNG, :val
s)::Array{Float64,1}

SSAValue(3) = (Base.box)(Int64,(Base.add_int)((Core.getfiel
d)(Base.Random.GLOBAL_RNG, :1dx)::Intb4,1))
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In[ 1:

In[ ]
mitE

In[ ]:

FELuri ~L.v

end: :Unton{Floatb4,Intb4}

5.2 Inlining

hl(x) = 3x
h2(x) = h1(5x)

@code_lowered h2(10)
@code_typed h2(10)

@code_11vm h2(10)

Julia has inlined the function h1 into hZ.

6 User-defined types

Widgets

Help

‘\\

Julia 0.5.0 O
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9.2 Inlining

In[ 1: hl(:q = 3X
h2(x) = h1(5x)

In [ ]: @code_lowered h2(10)
In [ ]: @code_typed h2(10)

In [ ]: @code_llvm h2(10)

Julia has inlined the function hl into h.

- 6 User-defined types

It is common to define new types. For example, we can define a type to automatically track
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In [39]:

Out[39]:

In [40]:
Qut[40]:

In[ ]:
Inl )

9.2 Inlining

h1(x) = 3x

h2(x) = h1(5x)

he (generic function with 1 method)

@code_lpwered h2(10)
LambdaInfo template for h2(x) at In[39]:2
:(begin

nothing

return (Main.h1)(S5 * x)
end)

@code_typed h2(10)

@code_11vm h2(10)

Lilia lhan lnllmasd tlhas §imationn 1 lnts D

Help

& |Julia0s0 O



File

Edit View Insert Cell Kernel Navigate Widgets

In [39]:

Out[39]:

In [40]:
Qut[49]:

In[ 1:

In £ ]

5.2 Inlining
hl(x) = 3x
h2(x) = h1(5x)

hZ (generic function with 1 method)

@code_lowered h2(10)
Lambdalnfo template for h2(x) at In[39]:2
:(begin

nothing

return (Main.h1)(5 * x)
end)

@code_&yped h2(10)

@code_11vm h2(10)

Julia has inlined the function hl into hZ.

Help

4 |Julia0s0 O
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In [39]: hi(x) = 3x
h2(x) = h1(5x)

Out[39]: h2 (generic function with 1 method)

In [40]: @code_lowered hZ2(10)

Qut[4@]: LambdaInfo template for h2(x) at In[39]:2
:(begin
nothing
return (Main.h1)(5 * x)
end)

In [41]: @code_typed hZ2(10)

Out[41]: Lambdalnfo for hZ2(::Int64)
:(begin
return (Base.box)(Int64,(Base.mul_int)(3,(Base.box)(Int64, (B
ase.mul_int)(5,x))))
end: :Int64)

Ll

In [ ]: @code_llvm h2(10)
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In [40]: @code_lowered hZ2(10)

Out[407: LambdaInfo template for h2(x) at In[39]:2
:(begin
nothing
return (Main.h1)(5 * x)
end)

In [41]: @code_typed h2(10)

Out[41]: LambdaInfo for h2(::Int64)
:(begin
return (Base.box)(Int64,(Base.mul_int)(3,(Base.box)(Intb4,(B
ase.mul_int)(5,x))))
~end: :Int64)

In [42]: @code_llvm h2(10)

define 164 @julia_hZ2_71906(164) #0 {
top:

%1 = mul 164 %0, 15

ret 164 %1

1
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returnu(Muin.hl)(S * x)
end)

In [41]: @code_typed h2(10)
Qut[41]: LambdaInfo for h2(::Int64)
:(begin
return (Base.box)(Int64,(Base.mul_int)(3,(Base.box)(Inte4, (B

ase.mul_int)(5,x))))
end: :Int64)

In [42]: @code_llvm h2(10)

define 164 @julia_h2_71906(164) #@ {

top:
%1 = mul 164 %0, 15
ret 164 %1

}

Julia has inlined the function hl into h2.
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L RL

In [41]: @code_typed h2(10)

Out[41]: LambdaInfo for hZ2(::Int64)
:(begin
return (Base.box)(Int64,(Base.mul_int)(3, (Base.box)(Int64, (B
ase.mul_int)(5,x))))
end: : Intb4)

In [42]: @code_llvm h2(10)

define 164 @julia_hZ_71906(164) #0 {
top:
%1 = mul 164 %0, 15
‘ ret 164 %1
}

Julia has inlined the function hl into hZ.

6 llcar-defined tvnac
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In [41]: @code_typed h2(10)

Out[41]: LambdaInfo for h2(::Int64)
:(begin

return (Base.box)(Int64,(Base.mul_int)(3,(Base.box)(Intt4,(B

ase,mul_int)(5,x))))
end: :Intbd)

In [42]: @code_llvm h2(10)

define 164 @julia_hZ2_71906(i64) #0 {
top:

%1 = mul 164 %@, 15

ret 164 %1

. }

Julia has inlined the function hl into hZ.

6 User-defined types
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In [41]: @code_typed h2(10)

Qut[41]; Lambdalnfo for hZ(::Intb4)
:(begin

return (Base.box)(Int64,(Base.mul_int)(3,(Base.box)(Intb4, (B
ase.mul_int)(5,x))))
end: :Intb4)

In [42]: @code_llvm h2(10)

define 164 @julia_h2_71906(164) #0@ {
top:

%1 = mul 164 %0, 15

ret 164 %1
}

Julia has inlined the function h1 into h2.

6 User-defined types



File Edit View Insert Cell Kernel Navigate Widgets Help Julia 0.5.0 O

define 164 @julia_h2_71906(164) #0 {

top:
%1 = mul 164 %@, 15
ret 164 %1

}

Julia has inlined the function h1 into he.

~ 6 User-defined types

It is common to define new types. For example, we can define a type to automatically track
; the derivative through a calculation:

In [ 1: immutable Dual  # use ‘struct’ in Juliag v@.6 instead of ‘immutable |
value: :Floatbd
derivative::Floatbd
end
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‘ Julia has inlined the function h1 into h2.

* 6 User-defined types

It is common to define new types. For example, we can define a type to automatically track
the derivative through a calculation:

In [ ]: immutable Dual # use 'struct’ in Julia v@.6 instead of 'immutable
value: :Floatbd

derivative:;Floatbd
end

Now we can define arithmetic:

In [ ]: import Base: 4, *

+(a::0ual, b::Dual) = Dual(a.value + b.value, a.derivative + b.deriva
*(a::0Dual, b::Dual) = Dual(a.value*b,value, a.derivative*b,value + b,
*(a::Number, b::Dual) = Dual(a*b,value, a*b.derivative)
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6 User-defined types

It is common to define new types. For example, we can define a type to automatically track
the derivative through a calculation:

In [43]: immutable Dual  # use ‘struct’ in Juliag v@.6 instead of “immutable’
value: :Floatbd
derivative::Floatbd
end

Now we can define arithmetic:

In [ ]: import Base: +, *

+(a::Dual, b::Dual) = Dual(a.value + b.value, a.derivative + b.deriva
*(a::Dual, b::Dual) = Dual(a.value*b.value, a.derivative*b.value + b.(
*(a::Number, b::Dual) = Dual(a*b.value, a*b.derivative)

In[ ]: a=Dual(l, 2)
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It is common to define new types. For example, we can define a type to automatically track
the derivative through a calculation:

In [43]: immutable Dual  # use ‘struct 1n Julia vO.6 instead of "immutable
value: :Floatb4
derivative. :Floatbd
end

Now we can define arithmetic:

In [44]: import Base: +, *

+(a::Dual, b::Dual) = Dual(a.value + b.value, a.derivative + b.deriva
*(a::Dual, b::Dual) = Dual(a.value*b.value, a.derivative*b.value + b,
*(a::Number, b::Dual) = Dual(a*b.value, a*b.derivative)

Out[44]: * (generic function with 151 methods)

In[]: a=Dual(l, 2)
a+a
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In [43]: immutable Dual  # use 'struct™ in Juliag v@.6 instead of 'immutable’
value: :Floatbd
derivative::Floatbd
end

Now we can define arithmetic:

In [44]: 1import Base: +, *

+(a::Dual, b;::Dual) = Dual(a.value + b.value, a.derivative + b.deriva
*(a::Dual, b::Dual) = Dual(a.value*b.value, a.derivative*b.value + b.(
*(a::Number, b::Dual) = Dual(a*b.value, a*b.derivative)

Jut[44]: * (generic function with 151 methods)

[ N T ol B Rt BT

In[]: a=Dual(l, 2)
a+d

Julia is written with generic code when possible:

ITn Tl 1 M=l12: 3 4]
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In [43]: 1mmutable Dual  # use struct 1in Julia v@.6 instead of 1mmutable
value: :Float6d
derivative::Floatod
end

Now we can define arithmetic:

In [44]: 1import Base: +, *

+(a::Dual, b::Dual) = Dual(a.value + b.value, a.derivative + b.deriva
*(a;:0ual, b;:Dual) = Dual(a.value*b.value, a.derivative*b.value + b.(
\ *(a::Number, b::Dual) = Dual(a*b.value, a*b.derivative)

R ol T~ B F ol T Fs W |

‘447 * (generic function with 151 methods)

In [ ]: a=Dual(l, 2)
a+a

Julia is written with generic code when possible:
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value; :Floatb4
derivative: :Floatbd
end

Now we can define arithmetic;

In [44]: 1import Base: +, *

+(a::0ual, b::Dual) = Dual(a.value + b.value, a.derivative + b.deriva
*(a::Dual, b;::Dual) = Dual(a.value*b,.value, a.derivative*b,value + b.(
*(a::Number, b::Dual) = Dual(a*b.value, a*b.derivative)

Qut[44]: * (generic function with 151 methods)

In[]: a=Dual(l, 2)
a+ 0

Julia is written with generic code when possible:
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value: :Floatod
derivative::Floatbd

end
Now we can define arithmetic:

In [44]: 1import Base: +, *

#a::Dual, b::Dual) = Dual(a.value + b.value, a.derivative + b.deriva
*(a::Dual, b::Dual) = Dual(a.value*b.value, a.derivative*b.value + b.
*(a::Number, b::Dual) = Dual(a*b.value, a*b.derivative)

Out[44]: * (generic function with 151 methods)

In [ ]: a=Dual(l, 2)
a+a

Julia is written with generic code when possible:

In[]: M=[12; 3 4]
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value::Float6d
derivative::Floatbd

end

Now we can define arithmetic:

In[]: 4

In [44]: 1import Base: +, *

+(a::Dual, b::Dual) = Dual(a.value + b.value, a.derivative + b.deriva
*(a::0ual, b::Dual) = Dual(a.value*b.value, a.derivative*b.value + b.«
*(a::Number, b::Dual) = DualCa*b.value, a*b.derivative)

Out[44]: * (generic function with 151 methods)

In [ ]: a=Dual(l, 2)
a+a

Julia is written with generic code when possible;
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value: :Floatod
derivative: :Floatbd

end

Now we can define arithmetic:

In [45]: +
Out[45]: + (generic function with 164 methods)

In [44]: import Base: +, *

+(a::0ual, b::Dual) = Dual(a.value + b.value, a.derivative + b.deriva
*(a::Dual, b::Dual) = Dual(a.value*b.value, a.derivative*b.value + b.
*(a::Number, b::Dual) = Dual(a*b.value, a*b.derivative)

Out[44]: * (generic function with 151 methods)

In[ ]: a="0ul(l, 2)
a+a
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value: :Floatod
derivative: :Floatbd
end

Now we can define arithmetic:

In [45]: +
Out[45]: + (generic function with 164 methods)

In [*]: methods(+)

In [44]: import Base: +, *

+(a::Dual, b;:Dual) = Dual(a.value + b,value, a.derivative + b.deriva
*(a::Dual, b;:;Dual) = Dual(a,value*b,value, a,derivative*b,value + b,
*(a::Number, b::Dual) = Dual(a*b.value, a*b.derivative)

Out[44]: * (generic function with 151 methods)

In[]: a=Dual(l, 2)
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value: :Floatod
derivative::Floatbd

end

Now we can define arithmetic:

In [45]: +
Out[45]: + (generic function with 164 methods)

In [46]: methods(+)

Out[46]: 164 methods for generic function +:

v+ +{x::Bool, z::Complex{Bool}) at complex./|:136
+ +(x::Bool, y::Bool) at bool |:48
+ +(x::Bool) at bool.l:45
v +{T<AbstractFloat}(x::Bool, y::T) at bool.|l:55
+ +(x::Bool, z::Complex) at complex |:143
« +(x::Bool, A::AbstractArray{Bool,N<:Any}) at arraymath.|.21
+ +(x::Float32, y::Float32) at float.|l:739
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value: :Floatod
derivative::Floatbd

end

Now we can define arithmetic:

In [45]: +
Out[45]: + (generic function with 164 methods)

In [46]: methods(+)

- 164 methods for generic function +:

+ +(x::Bool, z::Complex{Bool}) at complex.il: 136
\ + +(x::Bool, y::Bool) at bool |:48
+ +(x::Bool) at bool.l:45
v +{T<AbstractFloat}(x::Bool, y::T) at bool.|l:55
+ +(x::Bool, z::Complex) at complex.j:143
« +(x::Bool, A::AbstractArray{Bool,N<:Any}) at arraymath. /.21
+ +(x::Float32, y::Float32) at float.|l:739
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Now we can define arithmetic:

In [45]: +
Out[45]: + (generic function with 164 methods)

In [46]: methods(+]
-—
164 methods for generic function +:

+ +(x::Bool, z::Complex{Bool}) at complex.j:136
+ +(x::Bool, y::Bool) at bool.[:48
+ +(x::Bool) at bool.J1:45
+ +{T<:AbstractFloat}(x::Bool, y::T) at bool.]:55
+ +(x:Bool, z::Complex) at complex.|l:143
‘ + +(x::Bool, A::AbstractArray{Bool,N<:Any}) at arraymath.|:91
+ +(x::Float32, y::Float32) at float |:239
+ +(x::Float64, y::Float64) at floai|:740
+ +(2::Complex{Bool}, x::Bool) at complex.jl:137

+ +z::Complex{Bool}, x::Real) at complex./:151
L aaElnatdR FoBlnatdRl at flnatd R (1128
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In [45]: +
Out[45]: + (generic function with 164 methods)

In [46]: methods(+)

Out[46]: 164 methods for generic function +:

\» +(x::Bool, z::Complex{Bool}) at complex.|l:136
+ +(x::Bool, y::Bool) at bool j|:48
+ +(x::Bool) at bool 1:45
* +{T<:AbstractFloat}(x::Bool, y.:T) at bool.|;55
+ +(x::Bool, z::Complex) at complex.|l:143
» +(x::Bool, A::AbstractArray{Bool,N<:Any}) at arraymath.|:91
¢ +(x::Float32, y::Float32) at float.|:239
+ +(x::Float64, y::Float64) at float.|:240
+ +(z::Complex{Bool}, x;:Bool) at complex.i:137
+ +(z::Complex{Bool}, x::Real) at complex./l: 157
+ +(a::Float16, b::Float16) at float16.jl:136
+ +(x::Char, y::Integer) at char :40




File Edit View Insert Cell Kernel Navigate  Widgets Help Julia 0.5.0 O

Out[45]: + (generic function with 164 methods)

In [46]: methods(+)

Out[46]: 164 methods for generic function +:

&

+ +(x::Bool, z::Complex{Bool}) at complex.|:136

+ +(x::Bool, y::Bool) at bool.:48

* +(x::Bool) at bool.|:45

« +{T<.AbstractFloat}(x::Bool, y.:T) at bool,|:55

+ +(x::Bool, z::Complex) at complex./l:143

» +(x::Bool, A::AbstractArray{Bool,N<:Any}) at arraymath.l:91
+ +(x:Float32, y:Float32) at float |:239

+ +(x::Float64, y::Float64) at float.|:240

+ +(z::Complex{Bool}, x::Bool) at complex.il.137

+ +(z::Complex{Bool}, x::Real) at complex /157

* +(a::Float16, b::Float16) at float16.]1:136

+ +(x::Char, y::Integer) at char. ;40

« +(c::Bigint, x::BigFloat) at mpfr.j.240

+ +(a::Bigint, b::Bigint, c::Bigint, d::Bigint, e::Bigint) at amp.|1:298

i Fmii i lad il lalabk Aiill M lamlami AliilBaladl A% s G4
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+ +(c::Bigint, x::BigFloat) at mpfr,]1:240
« +(a:Bigint, b::Bigint, c::Biglnt, d::Biglnt, e::Bigint) at gmp.|::298
+ +(a::Bigint, b::Bigint, ¢::Bigint, d::Bigint) at amp,i:291

In [44]: 1import Base: +, *

+(F::Duul, b::Dual) = Dual(a.value + b.value, a.derivative + b.deriva
*(a::Dual, b::Dual) = Dual(a.value*b.value, a.derivative*b.value + b.i
*(a::Number, b::Dual) = Dual(a*b.value, a*b.derivative)

Out[44]: * (generic function with 151 methods)

In [ ]: a=Dual(l, 2)
a+a

Julia is written with generic code when possible:
) R H=[12; 34]

Broadcasting using dot (pointwise / elementwise) notation:
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+ +(c::Bigint, x:BigFloat) at mpfr]:240
« +(a:Bigint, b::Bigint, c::Biglnt, d::Biglnt, e::Bigint) at gmp.|:298
+ +(a::Bigint, b::Bigint, c::Bigint, d::Bigint) at amp.i:291

In [47]: 1import Base: +, *

+(a::Dual, b::Dual) = Dual(a.value + b.value, a.derivative + b.deriva
*(a::Dual, b::Dual) = Dual(a.value*b.value, a.derivative*b.value + b.

: *(a::Number, b::Dual) = Dual(a*b.value, a*b.derivative)

WARNING: Method definition +(Main.Dual, Main.Dual) in module Main at
In[44]:3 overwritten at In[47]:3.
WARNING: Method definition *(Main.Dual, Main.Dual) in module Main at

In[44]:4 overwritten at In[47]:4.
WARNING: Method definition *(Number, Main.Dual) in module Main at In

[44]:5 overwritten at In[47]:5.
Qut[47]: * (generic function with 151 methods)

In[]: a=D0ual(, 2)
a+a

Tulia e written with aanariec catda whan naceilhla:
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s e el
+(a::Dual, b::Dual) = Dual(a.value + b.value, a.derivative + b.deriva
*(a::Dual, b::Dual) = Dual(a.value*b.value, a.derivative*b.value + b.(
*(a: :Number, b::Dual) = Dual(a*b.value, a*b.derivative)
WARNING: Method definition +(Main.Dual, Main.Dual) in module Main at
In[44]:3 overwritten at In[47]:3.
WARNING: Method definition *(Main.Dual, Main.Dual) in module Main at
In[44]:4 overwritten at In[47]:4,
WARNING: Method definition *(Number, Main.Dual) in module Main at In
[44]:5 overwritten at In[47]:5.

Out[47]: * (generic function with 151 methods)

In [48]: a = Dual(l, 2)
a+a

Out[48]: Dual(2.0,4.0)
Julia is written with generic code when possible:

In[]: M=[12; 3 4]
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WARNING: Method definition *(Main.Dual, Main.Dual) in module Main at
In[44]:4 overwritten at In[47]:4.

WARNING: Method definition *(Number, Main.Dual) in module Main at In
[44]:5 overwritten at In[47]:5.

Out[47]: * (generic function with 151 methods)

In [48]: a = Dual(l, 2)
a+a

Out[48]: Dual(2.0,4.0)

Julia is written with generic code when possible:

In[]: M=[12; 3 4]
Broadcasting using dot (pointwise / elementwise) notation:
In[]: M =Dual.(M, [1]) #1in@.6: Dual.(M, 1)

In[]: M*M #matrix mltiply
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[44]:5 overwritten at In[47]:5.
Qut[47]: * (generic function with 151 methods)

In [48]: a = Dual(l, 2)
a+a

Qut[48]: Dual(2.0,4.0)

Julia is written with generic code when possible:
In [*]: M=[12; 3 4]

Broadcasting using dot (pointwise / elementwise) notation:
In[]: M2 =Dual.(M, [1]) #1in @.6: Dual.(M, 1)
In[]: M *M2 # matrix multiply

Julia has automatically used the correct + and * methods to do the matrix multiply with
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Out[48]: Dual(2.0,4.0)
Julia is written with generic code when possible:

In [49]: M=[12; 3 4]

Out[49]: 2x2 Array{Int64,2}:
1 2
3 4

Broadcasting using dot (pointwise / elementwise) notation:

In[]: M2 =Dual.(M, [1]) # in 8.6: Dual.(M, 1)
In[]: M *M2 % matrix multiply

Julia has automatically used the correct + and * methods to do the matrix multiply with
Dual objects.
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Qut[48]: Dual(2.0,4.0)

Julia is written with generic code when possible:

In [49]: M =[12: 3 4]

Qut[49]: 2x2 Array{Int64,2}:
1 2
3 4

Broadcasting using dot (pointwise / elementwise) notation:

In[]: M2 =Dual.(M, [1]) # in @.6: Dual.(M, 1)
In [ ]: M2 * M2 # matrix multiply

Julia has automatically used the correct + and * methods to do the matrix multiply with
Dual objects.
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JUlia IS written with generic code when possibie:

In [49]: M= [12; 3 4]

Out[49]: 2x2 Array{Intt4,2}:
1 2
3 4

Broadcasting using dot (pointwise / elementwise) notation:
In [*]: M2 = Dual.(M, [1]) # 1n@.6: Dual.(M, 1,
In[]: M2 *M2 # matrix multiply

Julia has automatically used the correct + and * methods to do the matrix multiply with
Dual objects.

6.1 User-defined types are efficient!
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JUlia IS written with generic code wnhen possibie:

In [49]: M=[12; 3 4]

Out[49]: 2x2 Array{Int64,2}:
1 2
3 4

Broadcasting using dot (pointwise / elementwise) notation:

In [50]: M2 = Dual.(M, [1]) # in 0.6: Dual.(M, 1)

0ut[50]: 2x2 Array{Dual,2}:
Dual(1.0,1.0) Dual(2.0,1.0)
Dual(3.0,1.0) Dual(4.0,1.0)

In[]: M *M # matrix multiply

Julia has automatically used the correct + and * methods to do the matrix multiply with
Dual objects.
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In [49]: M=1[12; 3 4]

Out[49]: 2x2 Array{Int64,2}:
1 2
3 4

Broadcasting using dot (pointwise / elementwise) notation:

In [50]: M2 = Dual.(M, [1]) # in @.6: Dual.(M, 1)

Qut[50]: 2x2 Array{Dual,Z}:
Dual(1.0,1.0) Dual(2.0,1.0)
Dual(3.0,1.0) Dual(4.0,1.0)

In [ ]: M2 * M2 # matrix multiply

Julia has automatically used the correct + and * methods to do the matrix multiply with
Dual objects.

6.1 User-defined types are efficient!
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In [49]: M=1[12; 3 4]

Out[49]: 2x2 Array{Int64,2}:
1 2
3 4

Broadcasting using dot (pointwise / elementwise) notation:

In [50]: M2 = Dual.(M, [1]) # in @.6: Dual.(M, 1)

01 2x2 Array{Dual,2}:
Dual(1.0,1.0) Dual(2.0,1.0)
Dual(3.0,1.0) Dual(4.0,1.0)

In [51]: M2 * M2 # matrix multiply

Qut[51]: 2x2 Array{Dual,2}:
Dual(7.0,7.0)  Dual(10.0,9.9)
Dual(15.0,11.0) Dual(22.0,13.0)

Julia has automatically used the correct + and * methods to do the matrix multiply with
Dual objects.
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Broadcasting using dot (pointwise / elementwise) notation:

In [50]: M2 = Dual.(M, [1]) # in @.6: ODual.(M, 1)

Qut[50]: 2x2 Array{Dual,Z2}:
Dual(1.9,1.9) Dual(2.0,1.0)
Dual(3.0,1.0) Dual(4.0,1.0)

In [51]: M2 * M2 # matrix multiply

2x2 Array{Dual,?2}:
Dual(7.0,7.0)  Dual(10.9,9.0)
Dual(15.0,11.0) Dual(22.9,13.0)

ik N TR DUt DA e BV
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Julia has automatically used the correct + and * methods to do the matrix multiply with

Dual objects.

6.1 User-defined types are efficient!
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In [50]:
Out[50]:

In [51]:
Out[51]:

Broadcasting using dot (pointwise / elementwise) notation:

M2 = Dual.(M, [1]) # in 0.6: Dual.(M, 1)

2x2 Array{Dual,Z}:
Dual(1.9,1.0) Dual(2.0,1.0)
Dual(3.90,1.0) Dual(4.0,1.9)

M2 * M2 # matrix multiply

2x2 Array{Dual,?2}:
Dual(7.0,7.0)  Dual(10.0,9.0)
Dual(15.9,11.0) Dual(22.0,13.0)

Julia05.0 O

-7 Juna nas automatically used the correct +and * methods to do the matrix multiply with

Thnl 1

Dual objects.

6.1 User-defined types are efficient!

W hY = (al11®#hlM171 al11*hl?71 « W1 1%al71)
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In [50]:
Out[50]:

In [51]:
Out[51]:

Broadcasting using dot (pointwise / elementwise) notation:

M2 = Dual.(M, [1]) # in 0.6: Dual.(M, 1)

2xZ Array{Dual,Z}:
Dual(1.0,1.0) Dual(2.0,1.0)
Dual(3.9,1.0) Dual(4.0,1.9)

M2 * M2 # matrix multiply

2x2 Array{Dual,?2}:
Dual(7.0,7.0)  Dual(10.0,9.0)
Dual(15.9,11.0) Dual(22.0,13.0)

Julia05.0 O

 Juiia 11as automatically used the correct + and * methods to do the matrix multiply with

Thnl 1

Dual objects.

6.1 User-defined types are efficient!

hW(a hY = (al11®#hlM171 al11*hI?71 « W1 1%al?71)
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In [51]: M2 * M2 # matrix multiply

Out[51]: 2x2 Array{Dual,Z}:
Dual(7.0,7.0)  Dual(10.0,9.0)
Dual(15.9,11.0) Dual(22.0,13.0)

Julia has automatically used the correct + and * methods to do the matrix multiply with
Dual objects.

6.1 User-defined types are efficient!

In [ 1: h(a, b) = (a[1]*b[1], a[1]*b[2] + b[1]*a[2])
@code_native h((1, 1), (1, 1))

In [ ]: a=Dual(l, 1)
@code_native a + a

* The code is almost identical to the hand-written version
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Dual(7.0,7.0)  Dual(10.0,9.0)
Dual(15.0,11.0) Dual(22.0,13.0)

Julia has automatically used the correct + and * methods to do the matrix multiply with
Dual objects.

6.1 User-defined types are efficient!

In [ ] Ih(ﬂ, b) = (a[1]*b[1], a[1]*b[2] + b[1]*a[2])
@code_native h((1, 1), (1, 1))

In[]: a=0>Dual(l, 1)
@code_native a + a

* The code is almost identical to the hand-written version
+ There is no overhead from using types.

« The desian of Julia means that user-defined tvpes have the same status as
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Julia has automatically used the correct + and * methods to do the matrix multiply with
Dual objects.

6.1 User-defined types are efficient!

In [ ]: h(a, b) = (a[1]*b[1], a[1]*b[2] + b[1]*a[2])
@code_native h((1, 1), (1, 1))

In[ ]: a= Dual(l, 1)
@code_native a + @

* The code is almost identical to the hand-written version
« There is no overhead from using types.

+ The design of Julia means that user-defined types have the same status as
standard "built-in" Julia types
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Julia has automatically used the correct + and * methods to do the matrix multiply with
Dual objects.

6.1 User-defined types are efficient!

In[ ]: h(a, b) = (ﬂil]*b[l], a[1]*o[Z] + b[1]*a[Z])
@code_native h((1, 1), (1, 1))

In[]: a=0Dual(l, 1)
@code_native a + a

* The code is almost identical to the hand-written version
+ There is no overhead from using types.

+ The design of Julia means that user-defined types have the same status as

ctandard "Thioilk-in® hilia tynoe
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Julia has automatically used the correct + and * methods to do the matrix multiply with
Dual objects.

6.1 User-defined types are efficient!

In [52]: r(u, b) = (a[1]*b[1], a[1]*b[2] + b[1]*a[2])
@code_native h((1, 1), (1, 1))

.section __TEXT,__text,regular,pure_instructions
Filename; In[52]

pushq  %rbp

movq  %rsp, %rbp
Source line: 1

movqg  (¥rsi), %rax

movg  (¥rdx), %rcx

movq  %rcx, %r8

imulg  ¥rax, ¥r8

imulg 8(%rdx), %rax

imulg 8(%rsi), %rcx

addg  %rax, %rcx
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@code_native h((1, 1), (1, 1))

.section __TEXT, __text,regular,pure_instructions
Filename: In[52]

pushq  %rbp

movg  %rsp, %rbp
Source line: 1

movqg  (%rsi), %rax

movg . (%rdx), %rcx

movg  %rcx, %r8

imulq  ®rax, %r8

imulq  8(%rdx), %rax

imulg  8(%rsi), krex

addg  %rax, ¥rcx

movqg  »r8, (krdi)

movq  %rcx, 8(Ckrdi)

movqg  %rdi, ¥rax

popq  %rbp

retq

nopw  (¥rax,%rax)

In[ ]: a=Dual(l, 1)
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movq
movq
1mulg
1mulq
1mulq
addqg
movg
movq
movq
popq
retg
NOpW

In[]: a=Dual(l, 1)

Kernel Navigate

WV DLy WA

(%rdx), %rex
wrex, xrd
wrax, %ri
8(%rdx), %hrax
8(%rs1), hrex
¥rax, ¥rcx
%r8, (¥rdi)
¥rcx, 8(%rdi)
%rdi, %rax
%rop

Widgets

(%rax,%rax)

@code_native a + a

Help

» The code is almost identical to the hand-written version

« There is no overhead from using types.

& |Julia0s0 O

« The design of Julia means that user-defined types have the same status as
standard "built-in" Julia types
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movq
movq
imulg
1mulg
imulg
addq
movq
movq
movq
Popq
retq
NOpW

In [53]: @ = Dual(l, 1)

Kernel

(hrax), %rex
%rex, »rd
%rax, %r8
8(%rdx), %rax
8(%rs1), %rcx
¥rax, %rcx
%r8, (%rdi)
%rcx, 8(%rdi)
%rdi, %rax
%rbp

(%rax,%rax)

@code_native a + a

.section
Filename: In[47]
pushq
movq
Source line: 3
movsd
movsd
addsd

Navigate

Widgets Help

Julia0.5.0 O

__TEXT,__text,regular,pure_instructions

%rbp
%rsp, %rbp

(%rs1), %xmmd
8(%rsi), ¥xmml
(%rdx), %xmmd

## xmm@ = mem[@],zero
## xmml = mem[@],zero
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In [53]: a = Dual(l, 1

Kernel

I WA \ i

8(%rdx), %rax
8(%rs1), %rcx
Brax, »rex
%r8, (¥rdi)
¥rcx, 8(%rdl)
%rdi, ¥rax
%rbp

(%rax,%rax)

@code_native a + a

k

.section

Filename: In[47]
pushq
movq

Source line: 3
movsd
movsd
addsd
addsd

movsd

Navigate

Widgets Help

Julia05.0 O

__TEXT,__text,regular,pure_instructions

%rbp
xrsp, %rbp

(%rs1), %xmmd
8(%rs1), %hxmml
(%rdx), %xmmd
8(%rdx), ¥xmml
%xmmd, (¥rdi)

## xmm@ = mem[@],zero
## xmml = mem[@],zero
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retg
nopw  (krax,%rax)

In [53]: a = Dual(l, 1)
@code_native a + a

.section __TEXT,__text,regular,pure_instructions
Filename: In[47]

pushq %rbp

movq  »rsp, ¥rbp

Source line: 3
movsd  (¥rsi), %xmmd ## xmm@ = mem[@],zero

movsd  8(%rsi), %xmml ## xmml = mem[Q],zero
addsd  (%rdx), %xmmd

addsd  8(%rdx), ¥xmml

movsd  %xmm@, (%rdi)

movsd  ¥%xmml, 8(%rdi)

movq  %rdi, %rax

popqg  %rbp

retq

nopw  %cs:(rax,krax)

* The code is almost identical to the hand-written version
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nopw  (¥rax,%rax)

In [53]: a = Dual(l, 1)
@code_native a + @

.section __TEXT,__text,regular,pure_instructions
Filename: In[47]

pushq  %rbp

movq  &rsp, Xrbp
Source line: 3

movsd  (¥rsi), %xmm@ ## xmm@ = mem[@],zero
movsd  8(%rsi), ¥xmml ## xmml = mem[@],zero
addsd  (%rdx), %xmmd

‘ addsd  8(%rdx), %xmml

movsd  %xmm@, (%rdi)

movsd  %xmml, 8(%rdi)
movg  %rdi, ¥rax

popq  %rbp
retg
nopw  %cs:(%rax,¥rax)

+ The code is almost identical to the hand-written version
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In [54]: a = Dual(l, 1)

Kernel

(%rax,%rax)

@code_native a * a

.section
Filename: In[47]

pushg
movq
Source line: 4
movsd
movsd
movapd
mulsd
mulsd
mulsd
addsd
movsd
movsd
movq
popq
retq

Navigate

Widgets Help

Julia0.50 @

__TEXT,__text,regular,pure_instructions

¥rbp
¥rsp, %rbp

(%rs1), %xmmd
(%rdx), %xmml
%xmm@, SxmmZ
%xmml, %xmmZ
8(%rsi), ¥xmml
8(%rdx), %xmmd
%xmml, %xmmd
%xmmZ2, (%rdi)
%xmm@, 8(%rdi)
%rdi, %rax
%rbp

#i xmm@ = mem[@],zero
## xmml = mem[@],zero
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In [54]: a = Dual(l, 1)
@code_native a * a

.section __TEXT,__text,regular,pure_instructions
Filename: In[47]

pushq  %rbp

movq  %rsp, ¥rbp
Source line: 4

movsd  (¥rsi), %xmm@ ## xmmd = mem[@],zero

movsd  (¥rdx), %xmml ## xmml = mem[@],zero

movapd oxmm@, %xmm2

mulsd  %xmml, ¥xmm2

mulsd  8(%rsi), %xmml

mulsd  8(%rdx), %xmmd

addsd  ¥xmml, %xmm@

movsd  %xmmZ, (%rdi)

movsd  %xmm@, 8(Ckrdi)

movq  %rdi, ¥rax

popq  %rbp

retq

+ The code is almost identical to the hand-written version

- Tll'l.ﬂ.ll'.ﬂ. iﬂ [ e ﬁllﬁﬂhﬁ.ﬁd ‘Hﬁﬁ\ i I.ﬂ:lﬂuﬂl T
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Source line: 4
movsd
movsd
movapd
mulsd
mulsd
mulsd
addsd
movsd
movsd
mova
popq

\ retq

Kernel Navigate

(%rsi), %xmmd
(%rdx), %xmml
%xmm@, %xmmZ
dxmml, J%xmm2
8(%rsi), %xmml
8(%rdx), Fxmmd
oxmml, %xmmd
xxmm2, (%rdi)
%xmm@d, 8(%rdi)
%rdi, %rax
%rop

Widgets Help

## xmm@ = mem[@],zero
# xmml = mem[@],zero

+ The code is almost identical to the hand-written version

+ There is no overhead from using types.

+ The design of Julia means that user-defined types have the same status as
standard "built-in" Julia types

Julia 0.5.0 O
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movsa  (arax), smexmmi FF XmmL = mem|¢],zero
movapd Bxmm@, %xmml

mulsd  %xmml, %xmml

mulsd  8(¥rsi), %xmml

mulsd  8(%rdx), %xmmd

addsd  %xmml, %xmm@

movsd  %xmmZ, (%rdi)

movsd  xmm@, 8(%rdi)

movq  hrdi, hrax

popq  rbp
retq
\ * The code is almost identical to the hand-written version

+ There is no overhead from using types.

¢ The design of Julia means that user-defined types have the same status as
standard "built-in" Julia types

6.2 Parametric types

Timac mav Ba mada mara flavibla nieina saramatare:
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popy I
retq

* The code is almost identical to the hand-written version

+ There is no overhead from using types.

+ The design of Julia means that user-defined types have the same status as
standard "built-in" Julia types

.7 6.2 Parametric types

Types may be made more flexible using parameters:

In [ ]: immutable Dual2{T}
value::T
derivative::T

end

In [ ]: Dual2(3, 4)
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6.2 Parametric types

Types may be made more flexible using parameters:

In [ ]: immutable Dual2{T}

value::T
derivative::T
end

In [ ]: Dual2(3, 4)
In [ ]: Dual2(3.5, 4.5)
In [ ]: Dual2(3.5, 4)
It is natural to want to be able to do this, so just add a method:

In [ ]: Dual2{S,T}(a::S, b::T) = ( (a2, b2) = promote(a, b); Dual2(a2, b2) )
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6.2 Parametric types

Types may be made more flexible using parameters:

In [55]): immutable Dual2{T}
value::T
derivative::T

end

In [ ]: Duall(3, 4)
In [ ]: Dual2(3.5, 4.5)
In [ ]: Dual2(3.5, 4)
It is natural to want to be able to do this, 50 just add a method:

In [ ]: Dual2{S,T}(a::S, b::T) = ( (a2, b2) = promote(a, b); Dual2(aZ, b2) )

Tn I 1 Dunl?2f:1 4 §Y
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In [55]:

In [56]:
Out[56]:

In
Out

In [ ]:

In[]:
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immutable Dual2{T}
value::T
derivative::T
end

Dual2(3, 4)
Dualz2{Int64}(3,4)

Dual2(3.5, 4.5)
Dual2{Float64}(3.5,4.5)

DualZ(3.5, 4)

It is natural to want to be able to do this, so just add a method:

Dual2{S,T}(a::S, b::T) = ( (a2, b2) = promote(a, b); Dual2(az, b2) )

™ "1 "™ ™™
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value::T
derivative::T
end

In [56]: Dual2(3, 4)
Qut[56]: Dual2{Int64}(3,4)

In [57]: Dual2(3.5, 4.5)
Qut[57]: Dual2{Float64}(3.5,4.5)

In [ ]: Dual2(3.5, 4)

It is natural to want to be able to do this, so just add a method:
In [ 1: Dual2{S,T}(a::S, b::T) = ( (a2, b2) = promote(a, b); Dual2(a2, b2) )
In [ ]: Dual2(3.4, 5)

There is pattern matching of type parameters.
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In [56]:;
Out[5S6]:

In [57]:
Qut[57]:

In [58]:

derivative;:T
end

Dual2(3, 4)
DualZ{Int64}(3,4)

Dual2(3.5, 4.5)
DualZ{Float64}(3.5,4.5)

Dual2(3.5, 4)

MethodError: no method matching Dual2{T}(::Floatb4, ::Intb4)

Closest candidates are:
Dual2{THT}(::T, ::T) at In[55]:2
Dual2{THT}(::Any) at sysimg.jl:S3

It is natural to want to be able to do this, so just add a method:

Julia05.0 O
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6.2 Parametric types

Types may be made more flexible using parameters:

In [55]: immutable Dual2{T}
value::T
derivative::T|

end

In [56]: Dual2(3, 4)
Qut[56]: Dual2{Int64}(3,4)

In [57]: Dual2(3.5, 4.5)
Out[57]: Dual2{Float64}(3.5,4.5)

In [58]: Dual2(3.5, 4)

MethodError: no method matching Dual2{T}(::Floatb4, ::Intb4)

(losest candidates are:
Riial2ITUSITL =« T ««TY A+ ThlEE1-7
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In [55]: immutable Dual2{T}
value::T
derivative: :T|

end

In [56]: Dual2(3, 4)
Qut[567: Dual2{Int64}(3,4)

In [57]: Dual2(3.5, 4.5)
Qut[57]: Dual2{Float64}(3.5,4.5)

In [58]: Dual2(3.5, 4)

MethodError: no method matching DualZ2{T}(::Floatb4, ::Intb4)
(losest candidates are:

Dual2{THT}(::T, ::T) at In[55]:2

Dual2{THT}(::Any) at sysimg.jl:53
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end

In [S6]: Dual2(3, 4)
Out[56]: Dual2{Int64}(3,4)

In [57]: Dual2(3.5, 4.5)
Out[57]: DualZ{Float64}(3.5,4.5)

In [58]: Dual2(3.5, 4)

MethodError: no method matching Dual2{T}(::Float64, ::Int64)
Closest candidates are:

Dual2{THT}(::T, ::T) at In[55]:2

Dual2{THT}(: :Any) at sysimg.jl:53

It is natural to want to be able to do this, so just add a method:

T I 1 Dual?2I8 TiWa-*S h"TY =0 Ca? h?Y = nromotefa bBY Dual?2fa? h72Y )
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In [56]: Dual2(3, 4)
Out[56]: Dual2{Int64}(3,4)

In [57]: Dual2(3.5, 4.5)
Out[57]: Dual2{Float®4}(3.5,4.5)

In [58]: Dual2(3.5, 4)

MethodError: no method matching Dual2{T}(::Float64, ::Int64)

Closest candidates are:
Dual2{THT}(::T, ::T) at In[55]:2
v Dual2{THT}(::Any) at sysimg.jl:53

It is natural to want to be able to do this, so just add a method:
In [ ]: Dual2{S,T}(a::S, b::T) = ( (a2, b2) = promote(a, b); Dual2(a2, b2) )

In [ ]: Dual2(3.4, 5)
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Qut[56]: Dual2{Int64}(3,4)

In [57]: Dual2(3.5, 4.5)
Out[57]: Dual2{Floatt4}(3.5,4.5)

In [58]: Dual2(3.5, 4)

MethodError: no method matching Dual2{T}(::Float64, ::Int64)
Closest candidates are:

DualZ{THT}(::T, ::T) at In[55]:2

DualZ{T{{T}(::Any) at sysimg.jl:53

It is natural to want to be able to do this, so just add a method:
In [ ]: Dual2{S,T}(a::S, b::T) = ( (a2, b2) = promote(a, b); DualZ(aZ, b2) )

In [ ]: Dual2(3.4, 5)
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Out

In [60]:
00] :

Qut
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Out[57]:

[59]:
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Dual2{Float64}(3.5,4.5)

Dual2(3.5, 4)

MethodError: no method matching Dual2{T}(::Floatb4, ::Intb4)
Closest candidates are:

Dual2{THT}(::T, ::T) at In[55]:2

Dual2{THT}(: :Any) at sysimg.jl:53

It is natural to want to be able to do this, so just add a method:

Dual2{S,T}(a::S, b::T) = ( (a2, bZ2) = promote(a, b); DualZ(aZ, bZ2) )
Dual2{T}

Dual2(3.4, 5)
DualZ{Floatb4}(3.4,5.0)
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In [58]: Dual2(3.5, 4)

MethodError: no method matching Dual2{T}(::Float64, ::Int64)

(losest candidates are:
Dual2{THT}(::T, ::T) at In[55]:2
Dual2{THT}(: :Any) at sysimg.jl:53

It is natural to want to be able to do this, so just add a method:

In [59]: Dual2{S,T}(a::S, b::T) = ( (a2, bZ2) = promote(a, b); DualZ(aZz, b2) )
Out[59]: Dual2{T}

In [6@]: Dual2(3.4, 5)
Qut[6@]: Dual2{Float64}(3.4,5.0)

There is pattern matching of type parameters.
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MethodError: no method matching Dual2{T}(::Floatb4, ::Intb4)
(losest candidates are:

Dual2{THT}(::T, ::T) at In[55]:2

Dual2{TH{T}(: :Any) at sysimg.jl:53

It is natural to want to be able to do this, so just add a method:

In [59]: Dual2{S,T}(a::S, b::T) = ( (a2, b2) = promote(a, b); Dual2(az, b2) )
Qut[59]: Dual2{T}

In [60]: Dual2(3.4, 5?]
Out[6@]: Dual2{Floatb4}(3.4,5.0)

There is pattern matching of type parameters.

In [ 1: methods(Dual?)
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(losest candidates are:
Dual2{THT}(::T, ::T) at In[55]:2
Dual2{THT}(::Any) at sysimg.jl:53

It Is natural to want to be able to do this, so just add a method:

In [59]: Dual2{S,T}(a::S, b::T) = ( (a2, b2) = promote(a, b); Dual2(az, b2) )
Qut[59]: Dual2{T}

In [60]: Dual2(3.4, 5)
Out[60]: Dual2{Float64}(3.4,5.0)

There is pattern matching of type parameters.
In [ ]: methods(Dual?)

+ Key foundation of Julia: multiple dispatch
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It is natural to want to be able to do this, so just add a method:

In [59]: Dual2{S,T}(a::S, b::T) = ( (a2, b2) = promote(a, b); Dual2(aZ, b2) )
Qut[59]: Dual2{T}

In [60]: Dual2(3.4, 5)

b =

Out[60]: Dual2{Float64}(3.4,5.0)

There is pattern matching of type parameters.

In [ ]: methods(DualZ)

+ Key foundation of Julia: multiple dispatch

« The "version" of a function to use is chosen from a patchwork of related functions

arcardinn tn the tunae af ite armimeante
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Qut[59]: Dual2{T}

In [60]: Dual2(3.4, 5)
Out[6@]: Dual2{Float64}(3.4,5.0)

There is pattern matching of type parameters.
In [ ]: methods(Dual?)

+ Key foundation of Julia: multiple dispatch

* The "version" of a function to use is chosen from a patchwork of related functions
according to the types of its arguments

7 Performance tips

+ Don't use global variables: they can't be inferred
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+ Key foundation of Julia: multiple dispatch

» The "version” of a function to use is chosen from a patchwork of related functions
according to the types of its arguments

7 Performance tips

+ Don't use global variables: they can't be inferred
+ Put everything in a function
+ Use @code_warntype to detect type instability

* Profile to detect performance problems
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