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Welcome & Introductions2

Our round-two users:
1. IBM: Petar Jurcevic

• QV on QSCOUT plus ion transpiling

2. Indiana University: Phil Richerme, Srinivansan Iyengar, Jeremy Smith, Amr Sabry
• Simulating Quantum Chemical Nuclear Dynamics problems on the QSCOUT

3. Johns Hopkins University: Colin Trout, Robert Barr, Leigh Norris, Dave Clader
• Characterization and Optimal Control of Time-Correlated Amplitude Control Noise

4. Lawrence Livermore National Laboratory: Kristin Beck, Stephen Libby, Jonathan DuBois, Ilon Joseph, Frank Graziani
• Using control pulse engineering to improve the effective fidelity of ion trap quantum computers

5. London Centre of Nanotechnology: Andrew Green

• Simulation Quantum Evolution of Infinite Systems Using Tensor Networks on NISQ Devices

6. Super.tech: Pranav Gokhale, Teague Tomesh, Victory Omole, and Frederic Chong
• Low-Level Control and Performance Benchmarking

Other attendees

• Tutorial speakers: Susan Clark, Andrew Landahl, Antonio Russo, Jay Van Der Wall, Kenny Rudinger, Benjamin Morrison, 
Oliver Maupin, Dan Lobser, Matt Chow  

• Other Sandians:
• Other non-Sandians:



Logistics3

• Sandia’s MS Teams does not include all possible functionality.

• Can call your (US) phone if your audio doesn’t work, though.

• Feel free to interrupt with questions.  Just say “Question” or similar to jump in.

• If possible, please show your face when asking/answering questions.

• Please mute when not asking/answering a question to cut down on background noise.

• Can also pose questions in chat.

• Talks are being recorded; we will strive to distribute them afterwards.

• Stay hydrated—it’s a long day!  Scheduled breaks are good times for “bio breaks.”



Other logistical issues4

• Feel free to interrupt with questions.  If it becomes problematic, we will consider 
alternatives.  We decided not to squelch with “Zoom Webinar” format.

• If possible, please show your face when asking/answering questions.

• Please mute when not asking/answering a question to cut down on background.

• No guarantee that questions posed in chat will be answered.

• Talks are being recorded; we will strive to distribute them afterwards.

• If folks want to use the 1.5-hour long break for chatting via Zoom they can (we 
will leave it on), but we aren’t supporting breakout Zoom rooms.

• Stay hydrated—it’s a long day!



5

Any logistical questions 
before we begin?



6

Part 1: Overview
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“Computer science is no more about computers 
than astronomy is about telescopes.”

—(Mis?)attributed to E. Dijkstra

Im
ag

e:
   

   
   

   
 W

ik
im

ed
ia

 C
o

m
m

o
ns

, B
lu

e 
co

m
p

ut
er

 ic
o

n,
 In

te
r 

O
fic

ia
l(

20
13

)



8

The quantum computer
is

the object of study
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Wanted: A programming language that forces 
the quantum computer to do exactly what I 
want and exactly when I want it.

“A language for micro-managing control freaks.”
(Tagline failed in focus groups.)
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Designed for performance, not control

Existing languages

Cirq Q# QuilOpenQASM

Many behind-the-scenes “optimizations” and/or 
lacking connection to hardware primitives.
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11 Enter the Jaqal

“A language for quantum computer scientists, 
by quantum computer scientists.”
(Tagline fared better in focus groups.)

Just another quantum assembly language



12 Key features of Jaqal

1. Precise addressing of qubits in the qubit register.

2. Precise control of parallel and serial gate scheduling.

3. Explicit connection of gates to pulse programs.

4. Support for gate and qubit macros and aliases.

5. A purely quantum language (except fixed-length loops)*

*Future Jaqal versions will allow classical arithmetic in defined constants 
and fast conditional “branch” statements on measurement outcomes.



13 A purely quantum language?

• If-then

• Do-while

• For-until

Verboten

• 1+1

• 3.14 / 2.0

• rand()

Why this madness?

• Ions are slow: Metaprogramming works!

• QSCOUT 1.0 has no mid-circuit measurements

• Why reinvent classical programming?
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14 Jaqal’s connection to pulse programs

• The first line of any Jaqal program.

• Defines the native gates; allows multi-platform support. 

from <gate pulse file> usepulses *

Examples

from qscout.v1.std usepulses *

from qscout.v1.stretched usepulses *

from qscout.v2.std usepulses *

from my_favorite_tech.v1.std usepulses *



15 Unsupported, but planned feature: Jaqal importing

• Will allow one to split jaqal code across multiple files.

• Currently unsupported, but import reserved as a keyword.

import <jaqal file>

(Non-)Examples

import standard_gate_macros.jql

import named_constants.jql

Aside: “.jql or .jaqal?”  See “.jpg or .jpeg?”



16 QSCOUT 1.0 Gate Pulse File

prepare_all

measure_all

Gates: Measure & Prepare

Ion Chain 

Multicore fiber 
32 cores

PMT

PMT

PMT

PMT

PMT

Detectors 

Co
ol 

an
d D

et
ec

t 

Vacuum Chamber 

Can only prepare & measure all qubits simultaneously in the Z basis.
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Rx <qubit> <rotation angle>

Ry <qubit> <rotation angle>

Rz <qubit> <rotation angle>

MS <qubit> <qubit> <axis angle> <rotation angle>

17 QSCOUT 1.0 Gate Pulse File

• All angles are for counter-clockwise rotations in base-10 radians.

• Angles only have meaning to 40 bits of precision for QSCOUT 1.0.

Notes

MS(q1, q2,', ✓) = exp


�i

✓
✓

2

◆
(X cos'+ Y sin')⌦2

�

Gates: Continuously parameterized



18 QSCOUT 1.0 Gate Pulse File

Px <qubit> Py <qubit> Pz <qubit>

Gates: Counter-clockwise 𝜋 rotations

Sx <qubit> Sy <qubit> Sz <qubit>

Gates: Counter-clockwise 𝜋/2 rotations

Gates: Clockwise 𝜋/2 rotations

Sxd <qubit> Syd <qubit> Szd <qubit>

Sxx(q) = exp
h
�i

⇣⇡
4

⌘
(X ⌦X)

i
Gates: “Standard” Mølmer-Sørensen gate

Sxx <qubit> <qubit>



19 QSCOUT 1.0 Gate Pulse File

I_<gate> <args>

Gates: Idles with known timing (14 new gates)

Why?



20 Sneak Peek: JaqalPaw



21

Part 2: Jaqal syntax

References: 
qscout.sandia.gov/jaqal

arXiv:2003.09382



22 Whitespace, Identifiers, and Comments

Whitespace & Identifiers

Comments

• Whitespace ignored, but newlines indicate sequential instructions.

• Identifiers are gate names, register names, register aliases, constant 
names, and macro arguments.  (None can be overloaded.)

• Identifiers must use characters from [a-z], [A-Z], [0-9], _.

• Identifiers cannot start with numerals.
• Identifiers cannot be Jaqal language keywords.

• Identifiers are case sensitive.

• C++ style:  // for single-line and /* … */ for multi-line comments.



23 Header statements

Register

Map

register q[7] // Hardware spec IDs the qubits.

Notes: Program is rejected immediately if machine cannot supply 
enough qubits.  Array indices start with 0.  Only one register allowed.

map ancilla q[0]

map qubits q

map sbits q[1:7:2]

sbits[0] = q[1]

sbits[1] = q[3]

sbits[2] = q[5]

Note: Follows python slicing syntax.  Final argument must be the 
register (or a register slice).  (Prevents self-referentiality.)



24 Header statements

Let

let num_iters 4

let pi         3.1415926536  // delicious!

let pi_3_32    0.2945243113 // 3*pi/32

let pi_m_8    -0.3926990817 // -pi/8

Note: Remember, no classical computing, so the following is invalid:
let pi_2 3.14/2



25 Body statements

Sequential gate block

Parallel gate block

• {} curly brackets.  Newlines or semicolons ; are separators

• <> angle brackets.  Newlines or vertical-pipes| are separators.

Gate block nesting

• OK, except blocks cannot be nested directly within other blocks 
of the same type.



26 Body statements

Gate block examples

{ Sx q[0] ; Sx q[1] }
< Sx q[0] | Sx q[1] >
{

Sx q[0]
Sx q[1]

}
<

Sx q[0]
Sx q[1]

>

{ Sxx q[0] q[1]
< Sx q[0] | Sx q[1] > }

< Sx q[0]
{ Sx q[1] ; Sx q[1] } >

<
Rx q[0] 0.0000001
Ry q[1] 3.1415926

>

Note: QSCOUT v1 native gates 
pad idles at the end.



27 Body statements

Forbidden in a gate block
• Any empty statement in a sequential block
• Only empty statements in a parallel block
• Header statements
• Macro definitions (will define macro syntax later)
• Loop blocks in a parallel block (will define loop syntax later)

Allowed in a gate block, but may cause problems

• Parallel gates forbidden by hardware design rules.
• Sequential gates forbidden by hardware design rules.

Example:
• QSCOUT v1 cannot execute gates in parallel with MS gates.



28 Body statements

Macros

Notes:
• Even one-gate macros require a sequential code block.
• Line break not allowed before the initial {.  (Aids parsing.)
• Macro argument name takes precedence over any other named identifiers.
• Macros can use other macros only if they defined earlier in the file.
• This prevents recursion in macro definitions; there is no stack!

// Implementation from [Maslov, 2017]

macro cnot control target {

Sy control ; Sxx control target

< Sxd control | Sxd target > ; Syd control

}



29 Body statements

Loops

Notes:
• Even one-gate loops require a sequential code block.
• Line break not allowed before the initial {.
• Only constant integers allowed for loop argument.
• Reminder: No loops allowed in parallel blocks.

let run_code_block 0 // A way to hack true/false with 0/1

loop run_code_block {

prepare_all ; Sxx q[0] q[1] ; measure_all

}

loop 1024 { // Prepare and measure a Bell state 1024 times

prepare_all ; Sxx q[0] q[1] ; measure_all

}



30 Output format

Little endian and newline terminated

register q[2]

loop 2 { prepare_all ; Px q[0] ; measure_all } 

loop 2 { prepare_all ; Px q[1] ; measure_all } 

10

10

01

01



31 A final note on metaprogramming

Wrong: No arithmetic allowed

Right: Precompute angle arguments with metaprogramming

macro CRz control target angle {

Rz target angle/2

CNOT control target

Rz target -angle/2

CNOT control target

}

macro CRz control target angle_2 angle_m_2 {

Rz target angle_2

CNOT control target

Rz target angle_m_2

CNOT control target

}



32

Questions?



P R E S E N T E D  B Y

Sandia National Laboratories is a 
multimission laboratory managed and 

operated by National Technology & 
Engineering Solutions of Sandia, LLC, a 
wholly owned subsidiary of Honeywell 

International Inc., for the U.S. Department 
of Energy’s National Nuclear Security 

Administration under contract DE-
NA0003525.

Installing JaqalPaq

Antonio Russo

September 13, 2021



Outline

• Where to find JaqalPaq

• Platform specific considerations

• Preparing the virtual environment

• Installing JaqalPaq

• How to run the tests

• Extra goodies



If you’re in a hurry:

• Please use a venv

  pip install --upgrade Cython numpy pip wheel
 pip install ipykernel JaqalPaq'[pygsti-integration]' QSCOUT-gatemodels 

• (Inside the venv) If you’re using Jupyter, to install a kernel:

  ipython kernel install --name=jaqal

• (Outside the venv) To remove an old kernel:

 jupyter kernelspec remove jaqal

• https://gitlab.com/jaqal/jaqalpaq has these instructions

https://gitlab.com/jaqal/jaqalpaq


Where to find JaqalPaq

• We’re on Gitlab: https://gitlab.com/jaqal

 Required: git clone https://gitlab.com/jaqal/jaqalpaq

 For QSCOUT-specific functions: git clone https://gitlab.com/jaqal/qscout-gatemodels

 Transpilers: git clone https://gitlab.com/jaqal/jaqalpaq-extras

• Also on pyPI.org: https://pypi.org/project/JaqalPaq/

 pip install JaqalPaq QSCOUT-gatemodels JaqalPaq-extras

• Documentation is at https://jaqalpaq.readthedocs.io



Platform specific considerations
• On Mac:

 If you have macOS 10.14 (Mojave), may need to run the following to get Cython support:

 export MACOSX_DEPLOYMENT_TARGET=10.14
open /Library/Developer/CommandLineTools/Packages/macOS_SDK_headers_for_macOS_10.14.pkg

• On Windows:

 (recommended) Use native Linux virtualization layer: WSL (Ubuntu or Debian) (see Linux instructions);

 Use a conda virtual environment; or,

 Install MS Visual C++ and Python3 directly

 “pip version of pywin32 did not link dlls properly. Reinstall via "conda install pywin32" and then re-install 
everything and install "pip install resources" and "pip install psutil" ” Thanks Kristin Beck!

• Linux

 Make sure you have gcc, python3 and python3 development files:

 apt install python3-dev build-essential

 yum install python3-devel gcc gcc-c++

• Test for headers with python3-config --includes



Preparing the virtual environment

• I use conda-forge:

  conda create -n your-preferred-name python=3.9
  conda activate your-preferred-name
  conda install Cython numpy

• A venv will also work well:

• python3 -m venv /path/to/venv
 source /path/to/venv/bin/activate
 pip install --upgrade pip wheel Cython numpy

• If you want to use Jupyter, install ipykernel (conda install ipykernel or pip install ipykernel)

• ipython kernel install --name=jaqal (remove with jupyter kernelspec remove jaqal)



Installing JaqalPaq

•  pip install JaqalPaq'[pygsti-integration,notebooks]' QSCOUT-gatemodels \

    JaqalPaq-extras'[qiskit,pyquil,cirq,projectq,pytket,tutorial]'

 Everything should be installed at the same time to ensure compatible dependencies

• But, you don’t have to use everything:

 pygsti-integration gives the emulator

 notebooks installs all dependencies needed for the example chemistry notebooks

 tutorial installs additional dependencies for the transpiler tutorial

 The five JaqalPaq-extras targets install compatible versions of the associated 3rd-party packages

 QSCOUT-gatemodels provides the native QSCOUT instruction set

• If pygsti complains about Cython extensions (and you care):

 Make sure you installed the compiler and development headers (and numpy)

 pip uninstall pygsti && pip cache remove pyGSTi Case sensitive for cache remove!

 pip install --no-binary pygsti



How to run the tests

• Tests are distributed with the pyPI packages under <PREFIX>/share/jaqalpaq

• In a venv:

 cd "$VIRTUAL_ENV/share/jaqalpaq"

• In a Conda environment

 cd "$CONDA_PREFIX/share/jaqalpaq"

• Make sure to install pytest

 conda install pytest

 pip install pytest

• Run pytest on the tests directory:

 pytest tests



Extra goodies

• Vim Jaqal syntax highlighting installed under <PREFIX>/share/vim/{addons,ftdetect}

• All the example notebooks are under <PREFIX>/share/jaqalpaq/examples

• Sample jaqal files (syntactically correct Jaqal) in <PREFIX>/share/jaqalpaq/examples/jaqal
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Writing Jaqal with Jaqalpaq

Jay  Van Der  Wa l l ,  SNL
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Why should I use Jaqalpaq?

You don’t have to! (But you do have to use Jaqal)
Jaqal is a simple, low level language. There is no compiler to Jaqal.
Primary use cases for Jaqalpaq:
◦ Running many similar gates in the same file
◦ Running many similar files with feedback

Alternatives to Jaqalpaq
◦ Running a single Jaqal file
◦ Programmatically editing Jaqal as a string

2



Jaqal Example

register q[1]
let theta 1.234

prepare_all
Rx q[0] theta
measure_all

3



Jaqalpaq Example

0 from jaqalpaq.core import CircuitBuilder

1 from jaqalpaq.run import run_jaqal_circuit

2 from qscout.v1 import native_gates

3 b = CircuitBuilder(native_gates=native_gates.NATIVE_GATES)

4 q = b.register("q", 1)

5 θ = b.let("theta", 1.234)

6 b.gate("prepare_all")

7 b.gate("Rx", q[0], θ)

8 b.gate("measure_all")

9 c = b.build()

10 r = run_jaqal_circuit(c)

11 print(r.subcircuits[0].probability_by_int)

4

register q[1]
let theta 1.234
prepare_all
Rx q[0] theta
measure_all

Contact your POC for the latest 
recommended way to do simple 
scans like changing a single 
angle. Jaqalpaq may be overkill.



Parallel Gates

0  b = CircuitBuilder(native_gates=native_gates.NATIVE_GATES)

1 q = b.register("q", 2)

2 θ = b.let("theta", 1.234)

3 ϕ = b.let("phi", -0.123)

4 b.gate("prepare_all")

5 bb = b.block(parallel=True)

6 bb.gate("Rx", q[0], θ)

7 bb.gate("Rx", q[1], ϕ)

8 b.gate("measure_all")

5

let theta 1.234
let phi -0.123
register q[2]
prepare_all
<Rx q[0] theta | Rx q[1] phi>
measure_all

Check with your POC for the 
latest restrictions on parallel 
gates!



Loops

0 from jaqalpaq.core import CircuitBuilder, SequentialBlockBuilder

1 from qscout.v1 import native_gates

2 b = CircuitBuilder(native_gates=native_gates.NATIVE_GATES)

3 q = b.register("q", 1)

4 θ = b.let("theta", 1.234)

5 i = b.let("iters", 5)

6 b.gate("prepare_all")

7 bb = SequentialBlockBuilder()

8 bb.gate("Rx", q[0], θ)

9 lb = b.loop(i, bb)

10 b.gate("measure_all")

11 c = b.build()

6

register q[1]
let theta 1.234
let iters 5
prepare_all
loop iters {
Rx q[0] theta

}
measure_all



Macros

0 b = CircuitBuilder(native_gates=native_gates.NATIVE_GATES)

1 q = b.register("q", 1)

2 θ = b.let("theta", 1.234)

3 bb = SequentialBlockBuilder()

4 bb.gate("Rx", "q", θ)

5 m = b.macro("rot", ["q"], bb)

6 b.gate("prepare_all")

7 b.gate("rot", q[0])

8 b.gate("measure_all")

7

register q[1]
let theta 1.234
macro rot q {
Rx q theta

}
prepare_all
rot q[0]
measure_all



Debugging with the generator

0 from jaqalpaq.core import CircuitBuilder
1 from jaqalpaq.run import run_jaqal_circuit
2 from qscout.v1 import native_gates
3 from jaqalpaq.generator import generate_jaqal_program
4 b = CircuitBuilder(native_gates=native_gates.NATIVE_GATES)
5 q = b.register("q", 1)
6 θ = b.let("theta", 1.234)
7 b.gate("prepare_all")
8 b.gate("Rx", q[0], θ)
9 b.gate("measure_all")

10 c = b.build()
11 print(generate_jaqal_program(c))

8

let theta 1.234

register q[1]

prepare_all
Rx q[0] theta
measure_all

Notice the order is not the same, 
but program is equivalent.



For More Information

Code used to build a circuit:
◦ https://gitlab.com/jaqal/jaqalpaq/-/blob/master/src/jaqalpaq/core/circuitbuilder.py

API of  resulting objects:
◦ https://gitlab.com/jaqal/jaqalpaq/-/blob/master/src/jaqalpaq/core/circuit.py

jaqalpaq.core documentation:
◦ https://jaqalpaq.readthedocs.io/en/release-v1.0/jaqalpaq.core.html

Contact your POC if  your use case isn’t covered.

9

https://gitlab.com/jaqal/jaqalpaq/-/blob/master/src/jaqalpaq/core/circuitbuilder.py
https://gitlab.com/jaqal/jaqalpaq/-/blob/master/src/jaqalpaq/core/circuit.py
https://jaqalpaq.readthedocs.io/en/release-v1.0/jaqalpaq.core.html
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Outline2

•Introduction (Kenny)
• Anatomy of Jaqal circuit
• Command line interface demo

•Python Interface
• Unitary emulator (Ben)
• Noisy emulator (Antonio)

• Conclusions (Kenny)



Anatomy of a Jaqal circuit3
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A circuit is the whole Jaqal file.



Anatomy of a Jaqal circuit4
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A circuit is the whole Jaqal file. A subcircuit is a portion of code delineated by prepare_all and 
measure_all.

Su
bc
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cu

it



Anatomy of a Jaqal circuit5

Ci
rc
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t

A circuit is the whole Jaqal file. A subcircuit is a portion of code delineated by prepare_all and 
measure_all.

Su
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Command-line interface6

Can emulate any valid .jaqal file with (unitary) emulation by invoking the command line interface 
(CLI) command jaqal-emulate.  This will yield both bit-string readouts (one per compiler pass of 
each measurement) and outcome probabilities (one per subcircuit- i.e., one per written instance
of measure_all).



Command-line interface7

Can emulate any valid .jaqal file with (unitary) emulation by invoking the command line interface 
(CLI) command jaqal-emulate.  This will yield both bit-string readouts (one per compiler pass of 
each measurement) and outcome probabilities (one per subcircuit- i.e., one per written instance
of measure_all.



Command-line interface8

Can emulate any valid .jaqal file with (unitary) emulation by invoking the command line interface 
(CLI) command jaqal-emulate.  This will yield both bit-string readouts (one per compiler pass of 
each measurement) and outcome probabilities (one per subcircuit- i.e., one per written instance
of measure_all.



Command-line interface9

Can emulate any valid .jaqal file with (unitary) emulation by invoking the command line interface 
(CLI) command jaqal-emulate.  This will yield both bit-string readouts (one per compiler pass of 
each measurement) and outcome probabilities (one per subcircuit- i.e., one per written instance
of measure_all.

Add “-s” to suppress individual bitstring readout



Command-line interface10

Can emulate any valid .jaqal file with (unitary) emulation by invoking the command line interface 
(CLI) command jaqal-emulate.  This will yield both bit-string readouts (one per compiler pass of 
each measurement) and outcome probabilities (one per subcircuit- i.e., one per written instance
of measure_all.

For help:  jaqal-emulate --help

Add “-s” to suppress individual bitstring readout



Additional use-cases11

Custom gates:
◦ E.g., “Cross-resonance” gate
◦ If  it’s not supported by QSCOUT native hardware, best bet is to write a macro defining your gate in terms of  native 

QSCOUT operations.
◦ If  you want the hardware to do something different physically, you’ll want to use JaqalPaw.  (Talk to us!)

More realistic noise models coming soon!
• Will use custom-built (QSCOUT-provided) objects for continuously parameterized gates that leverage actual experimental 

data.
• Functionality will be provided by new Python “package” interpygate (interpolation+python+gate).
• API TBD but will be available “soon.”

Questions?  Email us!
• kmrudin@sandia.gov
• bcamorr@sandia.gov
• arusso@sandia.gov

mailto:kmrudin@sandia.gov
mailto:bcamorr@sandia.gov
mailto:arusso@sandia.gov


Back up Backup Slides12
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IQ¦>2@:

<UP[HY`�,T\SH[PVU

IQ¦>3@:

MDTDOBFLUFXLW = SDUVHBMDTDOBVWULQJ("""
IURP TVFRXW.Y1.VWG XVHSXOVHV *

UHJLVWHU T>2@

OHW SL2 1.5707963267948966
OHW SL4 0.7853981633974483

PDFUR KDGDPDUG WDUJHW ^ // A HDGDPDUG JDWH FDQ EH LPSOHPHQWHG DV
    S\ WDUJHW           // D SL/2 URWDWLRQ DURXQG <
    P[ WDUJHW           // IROORZHG E\ D SL URWDWLRQ DURXQG X.
`
PDFUR FQRW FRQWURO WDUJHW ^  // CNOT LPSOHPHQWDWLRQ IURP MDVORY (2017)
    S\ FRQWURO
    MS FRQWURO WDUJHW 0 SL2
    <S[G FRQWURO _ S[G WDUJHW>  // ZH FDQ SHUIRUP WKHVH LQ SDUDOOHO
    S\G FRQWURO
`

SUHSDUHBDOO
 KDGDPDUG T>0@
 FQRW T>0@ T>1@
PHDVXUHBDOO

ORRS 10 ^
 SUHSDUHBDOO
 KDGDPDUG T>0@
 FQRW T>0@ T>1@
 P[ T>0@
 PHDVXUHBDOO
`

""")

MDTDOBUHVXOW = UXQBMDTDOBFLUFXLW(MDTDOBFLUFXLW)

1
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4
5
6
7
8
9

10
11
12
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15
16
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22
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24
25
26
27
28
29
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32
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IQ¦[4]:

IQ¦[5]:

IQ¦[6]:

IQ¦[7]:

IQ¦[8]:

OXW[4]: <MaTaOSaT.cRUH.UHVXOW.E[HcXWLRQRHVXOW aW 0[7I4aGb61b610>

OXW[5]: [<RHaGRXW 00 LQGH[ 0 IURP 0>, 
 <RHaGRXW 10 LQGH[ 1 IURP 1>, 
 <RHaGRXW 01 LQGH[ 2 IURP 1>, 
 <RHaGRXW 10 LQGH[ 3 IURP 1>, 
 <RHaGRXW 10 LQGH[ 4 IURP 1>, 
 <RHaGRXW 10 LQGH[ 5 IURP 1>, 
 <RHaGRXW 01 LQGH[ 6 IURP 1>, 
 <RHaGRXW 01 LQGH[ 7 IURP 1>, 
 <RHaGRXW 10 LQGH[ 8 IURP 1>, 
 <RHaGRXW 10 LQGH[ 9 IURP 1>, 
 <RHaGRXW 10 LQGH[ 10 IURP 1>]

OXW[6]: (1, '10')

OXW[7]: [<PURbabLOLVWLcSXbcLUcXLW 0@[7]>, <PURbabLOLVWLcSXbcLUcXLW 1@[8, 8]>]

OXW[8]: [<RHaGRXW 10 LQGH[ 1 IURP 1>, 
 <RHaGRXW 01 LQGH[ 2 IURP 1>, 
 <RHaGRXW 10 LQGH[ 3 IURP 1>, 
 <RHaGRXW 10 LQGH[ 4 IURP 1>, 
 <RHaGRXW 10 LQGH[ 5 IURP 1>, 
 <RHaGRXW 01 LQGH[ 6 IURP 1>, 
 <RHaGRXW 01 LQGH[ 7 IURP 1>, 
 <RHaGRXW 10 LQGH[ 8 IURP 1>, 
 <RHaGRXW 10 LQGH[ 9 IURP 1>, 
 <RHaGRXW 10 LQGH[ 10 IURP 1>]

MaTaO_UHVXOW

MaTaO_UHVXOW.UHaGRXWV

MaTaO_UHVXOW.UHaGRXWV[1].aV_LQW, MaTaO_UHVXOW.UHaGRXWV[1].aV_VWU

MaTaO_UHVXOW.VXbcLUcXLWV

MaTaO_UHVXOW.VXbcLUcXLWV[1].UHaGRXWV

1

1

1

1

1
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In¦[9]:

In¦[10]:

OXW[9]: aUUa\([9.85601627e-33, 5.00000000e-01, 5.00000000e-01, 1.39383796e-32])

00 
10 
01 
10 
10 
10 
01 
01 
10 
10 
10 

jaTal_UeVXlW.VXbciUcXiWV[1].SURbabiliW\_b\_inW

SUinW('\n'.jRin([U.aV_VWU foU U in jaTal_UeVXlW.UeadRXWV]))

1

1
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IQ¦[11]:

7YVJLZZPUN�[OL�9LZ\S[Z

IQ¦[12]:

OXW[11]: [<ReadRXW 00 LQde[ 0 IURP 0>, 
 <ReadRXW 01 LQde[ 1 IURP 1>, 
 <ReadRXW 01 LQde[ 2 IURP 1>, 
 <ReadRXW 01 LQde[ 3 IURP 1>, 
 <ReadRXW 01 LQde[ 4 IURP 1>, 
 <ReadRXW 01 LQde[ 5 IURP 1>, 
 <ReadRXW 01 LQde[ 6 IURP 1>, 
 <ReadRXW 01 LQde[ 7 IURP 1>, 
 <ReadRXW 01 LQde[ 8 IURP 1>, 
 <ReadRXW 01 LQde[ 9 IURP 1>, 
 <ReadRXW 01 LQde[ 10 IURP 1>]

daWa_IURP_TVcRXW = """00
01
01
01
01
01
01
01
01
01
01"""
TVcRXW_UeVXOW = SaUVe_MaTaO_RXWSXW_OLVW(MaTaO_cLUcXLW, daWa_IURP_TVcRXW.VSOLW("\Q"))
TVcRXW_UeVXOW.UeadRXWV

imSoUW PaWSORWOLb
fUom PaWSORWOLb imSoUW S\SORW
fUom QXPS\ imSoUW bLQcRXQW

1
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5
6
7
8
9
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12
13
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IQ¦[13]: ILJ, a[ = S\SORW.VXbSORWV()
a[.VHW(\OLP=(0,10))
daWa = [U.aV_LQW foU U in MaTaO_UHVXOW.VXbcLUcXLWV[1].UHadRXWV]
KLVW = bLQcRXQW(daWa, None, 4)
SURbV = MaTaO_UHVXOW.VXbcLUcXLWV[1].SURbabLOLW\_b\_LQW
OabHOV = [I"^Q:02b`"[::-1] foU Q in UaQJH(4)]
a[.baU(UaQJH(4), KHLJKW=KLVW, WLcN_OabHO=OabHOV)
a[.VcaWWHU(UaQJH(4), SURbV * 10, PaUNHU='[', ]RUdHU=3)
a[.VHW_[OabHO('MHaVXUHd BLWVWULQJ')
a[.VHW_\OabHO('CRXQWV')
a[.VHW_WLWOH('BHOO SWaWH E[SHULPHQW')
ILJ.WLJKW_Oa\RXW()
S\SORW.VKRZ()
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5VPZ`�+LUZP[`�4H[YP_�:PT\SH[PVU

IQ¦[14]:

IQ¦[15]:

IQ¦[16]:

IQ¦[17]:

OXW[16]: <MaTaOSaT.FRUH.UHVXOW.E[HFXWLRQRHVXOW aW 0[7I4aGE3a1610>

OXW[17]: aUUa\([0.01231296, 0.48720558, 0.48672233, 0.01375913])

fUom TVFRXW.Y1.QRLV\ imSoUW SNLTR\1

MaTaO_UHVXOW = UXQ_MaTaO_FLUFXLW(MaTaO_FLUFXLW, EaFNHQG=SNLTR\1(2, GHSROaUL]aWLRQ=2H-3))

MaTaO_UHVXOW

MaTaO_UHVXOW.VXEFLUFXLWV[1].SUREaELOLW\_E\_LQW

1

1

1

1
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IQ¦[18]:

>OH[�PZ�[OPZ�VIQLJ[�[OV\NO&

IQ¦[19]:

IQ¦[20]:

7HYHTL[LYZ!

OXW[20]: GLFWBNH\V(['GHSRODUL]DWLRQ', 'URWDWLRQBHUURU', 'SKDVHBHUURU', 'QBTXELWV', 'PRGHO', 'JDWHBGXUDWLRQV'])

ILJ, D[ = S\SORW.VXESORWV()
D[.VHW(\OLP=(0,10))
GDWD = [U.DVBLQW foU U in MDTDOBUHVXOW.VXEFLUFXLWV[1].UHDGRXWV]
KLVW = ELQFRXQW(GDWD, None, 4)
SUREV = MDTDOBUHVXOW.VXEFLUFXLWV[1].SUREDELOLW\BE\BLQW
ODEHOV = [I"^Q:02E`"[::-1] foU Q in UDQJH(4)]
D[.EDU(UDQJH(4), KHLJKW=KLVW, WLFNBODEHO=ODEHOV)
D[.VFDWWHU(UDQJH(4), SUREV * 10, PDUNHU='[', ]RUGHU=3)
D[.VHWB[ODEHO('MHDVXUHG BLWVWULQJ')
D[.VHWB\ODEHO('CRXQWV')
D[.VHWBWLWOH('BHOO SWDWH E[SHULPHQW')
ILJ.WLJKWBOD\RXW()
S\SORW.VKRZ()

FRQBPRGHO = SNLTR\1(2, GHSRODUL]DWLRQ=2H-3)

FRQBPRGHO.BBGLFWBB.NH\V()
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IQ¦[21]:

(�WYVJLZZ�TH[YP_�MVY�L]LY`�NH[L!

IQ¦[22]:

(�K\YH[PVU�MVY�L]LY`�NH[L!

OXW[21]: (0.002, 0.01, 0.01)

OXW[22]: <S\gVWL.RbMecWV.ORcaOQRLVePRdeO.LRcaONRLVeMRdeO aW 0[7f4adb3858b0>

cRQ_PRdeO.deSROaUL]aWLRQ, cRQ_PRdeO.URWaWLRQ_eUURU, cRQ_PRdeO.ShaVe_eUURU

cRQ_PRdeO.PRdeO

1

1
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IQ¦[23]:

;OL�TVKLS�HUK�NH[L�K\YH[PVUZ�HYL�HSS�^L�HJ[\HSS`�ULLK�

@V\�JHU�THU\HSS`�HZZLTISL�[OLT�PU[V�^P[O� CLUFXLWEPXODWRU !

IQ¦[24]:

IQ¦[25]:

OXW[23]: ^'R': <ERXQG PHWKRG SNLTR\1.JDWHGXUDWLRQ_R RI <TVFRXW.Y1.QRLV\.SNLTR\1 REMHFW DW 0[7I4DGE3F0F10>>, 
 'MS': <ERXQG PHWKRG SNLTR\1.JDWHGXUDWLRQ_MS RI <TVFRXW.Y1.QRLV\.SNLTR\1 REMHFW DW 0[7I4DGE3F0F10>>, 
 'R]': <ERXQG PHWKRG SNLTR\1.JDWHGXUDWLRQ_R] RI <TVFRXW.Y1.QRLV\.SNLTR\1 REMHFW DW 0[7I4DGE3F0F10>>, 
 'R[': <ERXQG PHWKRG AEVWUDFWNRLV\NDWLYHEPXODWRU._FXUU\.<ORFDOV>._LQQHU.<ORFDOV>.QHZRS RI <TVFRXW.Y1.Q
RLV\.SNLTR\1 REMHFW DW 0[7I4DGE3F0F10>>, 
 'R\': <ERXQG PHWKRG AEVWUDFWNRLV\NDWLYHEPXODWRU._FXUU\.<ORFDOV>._LQQHU.<ORFDOV>.QHZRS RI <TVFRXW.Y1.Q
RLV\.SNLTR\1 REMHFW DW 0[7I4DGE3F0F10>>, 
 'P[': <ERXQG PHWKRG AEVWUDFWNRLV\NDWLYHEPXODWRU._FXUU\.<ORFDOV>._LQQHU.<ORFDOV>.QHZRS RI <TVFRXW.Y1.Q
RLV\.SNLTR\1 REMHFW DW 0[7I4DGE3F0F10>>, 
 'P\': <ERXQG PHWKRG AEVWUDFWNRLV\NDWLYHEPXODWRU._FXUU\.<ORFDOV>._LQQHU.<ORFDOV>.QHZRS RI <TVFRXW.Y1.Q
RLV\.SNLTR\1 REMHFW DW 0[7I4DGE3F0F10>>, 
 'P]': <ERXQG PHWKRG AEVWUDFWNRLV\NDWLYHEPXODWRU._FXUU\.<ORFDOV>._LQQHU.<ORFDOV>.QHZRS RI <TVFRXW.Y1.Q
RLV\.SNLTR\1 REMHFW DW 0[7I4DGE3F0F10>>, 
 'S[': <ERXQG PHWKRG AEVWUDFWNRLV\NDWLYHEPXODWRU._FXUU\.<ORFDOV>._LQQHU.<ORFDOV>.QHZRS RI <TVFRXW.Y1.Q
RLV\.SNLTR\1 REMHFW DW 0[7I4DGE3F0F10>>, 
 'S\': <ERXQG PHWKRG AEVWUDFWNRLV\NDWLYHEPXODWRU._FXUU\.<ORFDOV>._LQQHU.<ORFDOV>.QHZRS RI <TVFRXW.Y1.Q
RLV\.SNLTR\1 REMHFW DW 0[7I4DGE3F0F10>>, 
 'S]': <ERXQG PHWKRG AEVWUDFWNRLV\NDWLYHEPXODWRU._FXUU\.<ORFDOV>._LQQHU.<ORFDOV>.QHZRS RI <TVFRXW.Y1.Q
RLV\.SNLTR\1 REMHFW DW 0[7I4DGE3F0F10>>, 
 'S[G': <ERXQG PHWKRG AEVWUDFWNRLV\NDWLYHEPXODWRU._FXUU\.<ORFDOV>._LQQHU.<ORFDOV>.QHZRS RI <TVFRXW.Y1.
QRLV\.SNLTR\1 REMHFW DW 0[7I4DGE3F0F10>>, 
 'S\G': <ERXQG PHWKRG AEVWUDFWNRLV\NDWLYHEPXODWRU._FXUU\.<ORFDOV>._LQQHU.<ORFDOV>.QHZRS RI <TVFRXW.Y1.
QRLV\.SNLTR\1 REMHFW DW 0[7I4DGE3F0F10>>, 
 'S]G': <ERXQG PHWKRG AEVWUDFWNRLV\NDWLYHEPXODWRU._FXUU\.<ORFDOV>._LQQHU.<ORFDOV>.QHZRS RI <TVFRXW.Y1.
QRLV\.SNLTR\1 REMHFW DW 0[7I4DGE3F0F10>>, 
 'S[[': <ERXQG PHWKRG AEVWUDFWNRLV\NDWLYHEPXODWRU._FXUU\.<ORFDOV>._LQQHU.<ORFDOV>.QHZRS RI <TVFRXW.Y1.
QRLV\.SNLTR\1 REMHFW DW 0[7I4DGE3F0F10>>`

FRQ_PRGHO.JDWH_GXUDWLRQV

fUom MDTDOSDT.HPXODWRU.S\JVWL imSoUW CLUFXLWEPXODWRU

EDFNHQG = CLUFXLWEPXODWRU(PRGHO=FRQ_PRGHO.PRGHO, JDWH_GXUDWLRQV=FRQ_PRGHO.JDWH_GXUDWLRQV)

MDTDO_UHVXOW = UXQ_MDTDO_FLUFXLW(MDTDO_FLUFXLW, EDFNHQG=EDFNHQG)
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IQ¦[26]:

0�^HU[�[V�THRL�T`�V^U�LYYVY�TVKLS�
�3L[�Z�PNUVYL�JYVZZ[HSR�MVY�UV �̂�

@V\�ULLK!

(�WYVJLZZ�TH[YP_�MVY�L]LY`�NH[L
(�WYVJLZZ�TH[YP_�KLZJYPIPUN�H�X\IP[�[OH[�PZ�UV[�ILPUN�KYP]LU

ILJ, a[ = S\SORW.VXbSORWV()
a[.VHW(\OLP=(0,10))
daWa = [U.aV_LQW foU U in MaTaO_UHVXOW.VXbcLUcXLWV[1].UHadRXWV]
KLVW = bLQcRXQW(daWa, None, 4)
SURbV = MaTaO_UHVXOW.VXbcLUcXLWV[1].SURbabLOLW\_b\_LQW
OabHOV = [I"^Q:02b`"[::-1] foU Q in UaQJH(4)]
a[.baU(UaQJH(4), KHLJKW=KLVW, WLcN_OabHO=OabHOV)
a[.VcaWWHU(UaQJH(4), SURbV * 10, PaUNHU='[', ]RUdHU=3)
a[.VHW_[OabHO('MHaVXUHd BLWVWULQJ')
a[.VHW_\OabHO('CRXQWV')
a[.VHW_WLWOH('BHOO SWaWH E[SHULPHQW')
ILJ.WLJKW_Oa\RXW()
S\SORW.VKRZ()
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;OL�K\YH[PVU�VM�[OL�NH[LZ

@V\�JV\SK�KV�[OPZ�I`�OHUK��I\[�^L�OH]L�H�OLSWLY�JSHZZ�[V�THRL�[OPZ�H�SP[[SL�LHZPLY!
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IQ¦>27@: # 8VHIXO WRROV:
fURP QXPS\ iPSRUW DEV, GLDJ, SL, NURQ
iPSRUW S\JVWL

# DHVFULSWLRQ RI WKH LGHDO JDWHV
fURP TVFRXW.Y1.QDWLYHBJDWHV iPSRUW UBR, UBR], UBMS

# 7KLV VXSHUFODVV ZLOO KDQGOH VRPH GHWDLOV
fURP MDTDOSDT.HPXODWRU.S\JVWL iPSRUW AEVWUDFWNRLV\NDWLYHEPXODWRU

# 7KH VXSHUFODVV QHHGV D GHVFULSWLRQ RI WKH JDWHV WR KDQGOH
fURP TVFRXW.Y1.QDWLYHBJDWHV iPSRUW NATI9EBGATES

claVV M\TR\EPXODWRU(AEVWUDFWNRLV\NDWLYHEPXODWRU):
    # 7KLV WHOOV AEVWUDFW1RLV\1DWLYHEPXODWRU ZKDW JDWH VHW ZH'UH PRGHOLQJ:
    MDTDOBJDWHV = NATI9EBGATES

    def BBLQLWBB(VHOI, *DUJV, **NZDUJV):
        """BXLOGV D M\CXVWRPEPXODWRU LQVWDQFH IRU SDUWLFXODU SDUDPHWHUV

        :SDUDP GHSRODUL]DWLRQ IORDW: (GHIDXOW 1H-3) TKH GHSRODUL]DWLRQ GXULQJ
          RQH SL/2 JDWH.
        :SDUDP URWDWLRQBHUURU IORDW: (GHIDXOW 1H-2) TKH RYHU-URWDWLRQ DQJOH GXULQJ RQH
          SL/2 JDWH.
        :SDUDP SKDVHBHUURU: (GHIDXOW 1H-2) TKH HUURU LQ WKH [-\ DQJOH IRU (QRQ-=)
          URWDWLRQ JDWHV.
        """
        
        # ETXLYDOHQW WR
        # VHOI.GHSRODUL]DWLRQ = NZDUJV.SRS('GHSRODUL]DWLRQ', 1H-3 )
        # ...
        VHOI.VHWBGHIDXOWV(
            NZDUJV, GHSRODUL]DWLRQ=1H-3, URWDWLRQBHUURU=1H-2, SKDVHBHUURU=1H-2
        )
        
        # 3DVV WKURXJK WKH EDODQFH RI WKH SDUDPHWHUV WR AEVWUDFW1RLV\1DWLYHEPXODWRU
        # ,Q SDUWLFXODU: SDVVHV WKH QXPEHU RI TXELWV WR HPXODWHG (LQ DUJV)
        VXSHU().BBLQLWBB(*DUJV, **NZDUJV)

    # FRU HYHU\ JDWH, ZH QHHG WR VSHFLI\ D VXSHURSHUDWRU DQG D GXUDWLRQ:
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    # S\G67L KDV JDWH QDPHV WKDW VWDUW ZLWK FDSLWDO G
    # 7R DYRLG QDPH FODVKHV, ZH SUHSHQG RXU JDWHV ZLWK -:    
    # G-5
    
    # :H D2 127 FXUUHQWO\ VXSSRUW TXELW-GHSHQGHQW HUURU PRGHOV (T ZLOO DOZD\V EH 1RQH)
    # 6XSSRUW IRU WKLV LV SODQQHG.  ,Q WKH IXWXUH, \RX ZLOO EH DEOH WR ZULWH FDVH
    # VWDWHPHQWV UHWXUQLQJ GLIIHUHQW SURFHVV PDWULFHV IRU GLIIHUHQW TXELWV.
    def gaWedXUaWLRQ_R(VeOf, T, a[LV_aQgOe, URWaWLRQ_aQgOe):
        UeWXUQ abV(URWaWLRQ_aQgOe) / (SL / 2)

    def gaWe_R(VeOf, T, a[LV_aQgOe, URWaWLRQ_aQgOe):
        # :H PRGHO WKH GHFRKHUHQFH DQG RYHU-URWDWLRQ DV D IXQFWLRQ RI WKH JDWH GXUDWLRQ:
        dXUaWLRQ = VeOf.gaWedXUaWLRQ_R(T, a[LV_aQgOe, URWaWLRQ_aQgOe)

        # ,.H., ZH VFDOH WKH URWDWLRQ DQG GHSRODUL]DWLRQ HUURU E\ WKH WLPH
        VcaOed_URWaWLRQ_eUURU = VeOf.URWaWLRQ_eUURU * dXUaWLRQ
        deSROaUL]aWLRQ_WeUP = (1 - VeOf.deSROaUL]aWLRQ) ** dXUaWLRQ

        # CRPELQH WKHVH DOO, UHWXUQLQJ D VXSHURSHUDWRU LQ WKH 3DXOL EDVLV
        UeWXUQ S\gVWL.XQLWaU\_WR_SaXOLgaWe(
            U_R(a[LV_aQgOe + VeOf.ShaVe_eUURU, URWaWLRQ_aQgOe + VcaOed_URWaWLRQ_eUURU)
        ) @ dLag([1, deSROaUL]aWLRQ_WeUP, deSROaUL]aWLRQ_WeUP, deSROaUL]aWLRQ_WeUP])

    # G-06
    def gaWedXUaWLRQ_MS(VeOf, T0, T1, a[LV_aQgOe, URWaWLRQ_aQgOe):
        # AVVXPH 06 SL/2 JDWH 10 WLPHV ORQJHU WKDQ 6[, 6\, 6]
        UeWXUQ 10 * abV(URWaWLRQ_aQgOe) / (SL / 2)

    def gaWe_MS(VeOf, T0, T1, a[LV_aQgOe, URWaWLRQ_aQgOe):
        dXUaWLRQ = VeOf.gaWedXUaWLRQ_MS(T0, T1, a[LV_aQgOe, URWaWLRQ_aQgOe)

        VcaOed_URWaWLRQ_eUURU = VeOf.URWaWLRQ_eUURU * dXUaWLRQ
        deSROaUL]aWLRQ_WeUP = (1 - VeOf.deSROaUL]aWLRQ) ** dXUaWLRQ

        UeWXUQ S\gVWL.XQLWaU\_WR_SaXOLgaWe(
            U_MS(a[LV_aQgOe + VeOf.ShaVe_eUURU, URWaWLRQ_aQgOe + VcaOed_URWaWLRQ_eUURU)
        ) @ NURQ(dLag([1] + 3*[deSROaUL]aWLRQ_WeUP]), dLag([1] + 3*[deSROaUL]aWLRQ_WeUP]))

    
    # 5] LV SHUIRUPHG HQWLUHO\ LQ VRIWZDUH.
    # G-5]
    def gaWedXUaWLRQ_R](VeOf, T, aQgOe):
        UeWXUQ 0
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    def JaWe_R](VeOf, T, aQJOe):
        UeWXUQ S\JVWL.XQLWaU\_WR_SaXOLJaWe(U_R](aQJOe))

    # A SURFHVV PDWUL[ IRU WKH LGOH EHKDYLRU RI D TXELW.
    # GLGOH
    def LdOe(VeOf, T, dXUaWLRQ):
        deSROaUL]aWLRQ_WeUP = (1 - VeOf.deSROaUL]aWLRQ) ** dXUaWLRQ

        UeWXUQ dLaJ([1, deSROaUL]aWLRQ_WeUP, deSROaUL]aWLRQ_WeUP, deSROaUL]aWLRQ_WeUP])

    
    # :H'OO PRGHO WKH 5[ JDWH DV MXVW DQ 5 JDWH ZLWK D SDUWLFXODU D[LVBDQJOH:
    
    # GJ5[
    def JaWedXUaWLRQ_R[(VeOf, T, URWaWLRQ_aQJOe):
        # UHWXUQ VHOI.JDWHGXUDWLRQB5(T, 0, URWDWLRQBDQJOH)
        UeWXUQ abV(URWaWLRQ_aQJOe) / (SL / 2)

    def JaWe_R[(VeOf, T, URWaWLRQ_aQJOe):
        # UHWXUQ VHOI.JDWHB5(T, 0, URWDWLRQBDQJOH)
        dXUaWLRQ = VeOf.JaWedXUaWLRQ_R[(T, URWaWLRQ_aQJOe)

        VcaOed_URWaWLRQ_eUURU = VeOf.URWaWLRQ_eUURU * dXUaWLRQ
        deSROaUL]aWLRQ_WeUP = (1 - VeOf.deSROaUL]aWLRQ) ** dXUaWLRQ

        UeWXUQ S\JVWL.XQLWaU\_WR_SaXOLJaWe(
            U_R(0 + VeOf.SKaVe_eUURU, URWaWLRQ_aQJOe + VcaOed_URWaWLRQ_eUURU)
        ) @ dLaJ([1, deSROaUL]aWLRQ_WeUP, deSROaUL]aWLRQ_WeUP, deSROaUL]aWLRQ_WeUP])
    
    
    # :H FRXOG GR WKLV IRU DOO WKH RWKHU JDWHV, EXW WKDW ZRXOG EH WHGLRXV.
    # IQVWHDG, ZH'OO ILOO LQ WKH SDUDPHWHUV ZLWK VRPH V\QWDFWLF VXJDU:

    # IQVWHDG RI FRS\-SDVWLQJ WKH DERYH GHILQLWLRQV, XVH BFXUU\ WR FUHDWH QHZ PHWKRGV
    # ZLWK VRPH DUJXPHQWV.  NRQH LV D VSHFLDO DUJXPHQW WKDW PHDQV: UHTXLUH DQ DUJXPHQW
    # LQ WKH FUHDWHG IXQFWLRQ DQG SDVV LW WKURXJK.
    C = AbVWUacWNRLV\NaWLYeEPXOaWRU._cXUU\

    # FRU UHIHUHQFH:
    # GHI JDWHB5(VHOI, T, D[LVBDQJOH, URWDWLRQBDQJOH):
    
    # GJ5\ ... HWF

86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128



9/14/2020 (PXODWRU 'HPR>3@

ORFDOKRVW:8888/QRWHERRNV/TVFRXW-NPU/46&287B8VHUB.LFNRIIB1/(PXODWRU 'HPR%5B3%5'.LS\QE 16/18

IQ¦[28]:

IQ¦[29]:

    JaWHdXUaWLRQ_R\, JaWH_R\ = C((None, SL / 2, None), JaWHdXUaWLRQ_R, JaWH_R)
    JaWHdXUaWLRQ_P[, JaWH_P[ = C((None, 0.0, SL), JaWHdXUaWLRQ_R, JaWH_R)
    JaWHdXUaWLRQ_P\, JaWH_P\ = C((None, SL / 2, SL), JaWHdXUaWLRQ_R, JaWH_R)
    JaWHdXUaWLRQ_P], JaWH_P] = C((None, SL), JaWHdXUaWLRQ_R], JaWH_R])
    JaWHdXUaWLRQ_S[, JaWH_S[ = C((None, 0.0, SL / 2), JaWHdXUaWLRQ_R, JaWH_R)
    JaWHdXUaWLRQ_S\, JaWH_S\ = C((None, SL / 2, SL / 2), JaWHdXUaWLRQ_R, JaWH_R)
    JaWHdXUaWLRQ_S], JaWH_S] = C((None, SL / 2), JaWHdXUaWLRQ_R], JaWH_R])
    JaWHdXUaWLRQ_S[d, JaWH_S[d = C((None, 0.0, -SL / 2), JaWHdXUaWLRQ_R, JaWH_R)
    JaWHdXUaWLRQ_S\d, JaWH_S\d = C((None, SL / 2, -SL / 2), JaWHdXUaWLRQ_R, JaWH_R)
    JaWHdXUaWLRQ_S]d, JaWH_S]d = C((None, -SL / 2), JaWHdXUaWLRQ_R], JaWH_R])
    JaWHdXUaWLRQ_S[[, JaWH_S[[ = C((None, None, 0.0, SL / 2), JaWHdXUaWLRQ_MS, JaWH_MS)

    del C

bacNHQd = M\TR\EPXOaWRU(2)

MaTaO_UHVXOW = UXQ_MaTaO_cLUcXLW(MaTaO_cLUcXLW, bacNHQd=bacNHQd)
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IQ¦[¦]: fURP TVFRXW.Y1.QaWLYH_JaWHV iPSRUW NATIVE_GATES
fURP MaTaOSaT.HPXOaWRU.S\JVWL iPSRUW AEVWUaFWNRLV\NaWLYHEPXOaWRU

claVV YRXUCXVWRPEPXOaWRU(AEVWUaFWNRLV\NaWLYHEPXOaWRU):
    MaTaO_JaWHV = NATIVE_GATES

    def __LQLW__(VHOI, *aUJV, **NZaUJV):
        VHOI.VHW_GHIaXOWV(
            NZaUJV, #\RXU FXVWRP SDUDPHWHUV
        )
        VXSHU().__LQLW__(*aUJV, **NZaUJV)

    # G-5
    def JaWHGXUaWLRQ_R(VHOI, T, a[LV_aQJOH, URWaWLRQ_aQJOH):
        UeWXUQ # \RXU PRGHO'V GXUDWLRQ

    def JaWH_R(VHOI, T, a[LV_aQJOH, URWaWLRQ_aQJOH):
        UeWXUQ # \RXU HUURU PRGHO'V VXSHURSHUDWRU LQ WKH 3DXOL EDVLV
    
    # GLGOH
    def LGOH(VHOI, T, GXUaWLRQ):
        UeWXUQ # \RXU PRGHO'V SURFHVV PDWUL[ DFWLQJ IRU WKH LGOH TXELW
    
    # WKH UHVW RI WKH JDWHV
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Overview2

● Why Quantum Chemistry?

● The Variational Quantum Eigensolver (VQE) Algorithm

● Ground state energy of HeH+

• Hamiltonian reduction

• Ansatz

• Energy functions

● Hardware Results

● Q&A



Why Quantum Chemistry?3

Quantum Chemistry is a promising application for NISQ devices

● Quantum circuits are good at simulating quantum systems

● Calculations can be performed using low-depth circuits

● No need for fault-tolerant error correcting codes

● Classical literature gives us a good starting point

Computing the ground state energy

● Encode the electronic Hamiltonian to act on qubits

● Minimize the Hamiltonian as a cost function

How do we find the minimum energy state?



The Variational Quantum Eigensolver Algorithm (VQE)4

1. State is prepared by a parameterized 

quantum circuit

● Begin in the Hartree Fock state

● Act on the state with a circuit parameterized by 

angles (θ1, θ2, … θn) that transforms it into a state 

in the chosen Ansatz

● Unitary Coupled Cluster Ansatz for Single and 

Double Excitations (UCCSD)



The Variational Quantum Eigensolver Algorithm (VQE)5

2. State is measured by a quantum 

circuit● Create circuit for each term in the Hamiltonian

● Rotates qubits to Z basis depending on Pauli term

● Sample circuits repeatedly to determine 

expectation value for the energy



The Variational Quantum Eigensolver Algorithm (VQE)6

3. Feed energy and angles into 

classical optimization loop

Repeat steps 1-3 until minimum is found

● Takes in energy and angles (θ1, θ2, … θn)

● Performs gradient descent search to find minimum

● Determines new angles (θ1’, θ2’, … θn’)



Ground state energy of HeH+7

Broad strokes of code

● Generate molecular data using PySCF

● Calculate the fermionic Hamiltonian using 

OpenFermion

● Encode and reduce the Hamiltonian to act 

on qubits

● Prepare the ansatz circuit

● Measure expectation values of Pauli terms

● Calculate energy

● Classical optimization loop

● Plot results!

Dissociation curve of HeH+ for a tapered 2-qubit Hamiltonian.



Code Review



Hardware Results9

Result for HeH+ with r = 0.8Å separation
Ran on QSCOUT with 1000 shots per circuit

Tracked intermediate results of optimization, shown below

Approximate error bars from sampling noise



Questions?



Code Review11
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