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Things get even weirder with a qubit on the Bloch sphere! To see
why, let us go back to the double slit experiment.
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Double Slit Experiment Revisited
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Double Slit Experiment Revisited

Measurement

The double slit experiment is pretty important in quantum
mechanics, so let us review it again!
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https://www.youtube.com/watch?v=NvzSLByrw4Q
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Double Slits and Measurement

Measurement

In summary, we’ve discussed:

@ The state of a particle is described as a wave.

Measurement

and Collapse @ The state of a particle is in superposition (an undecided
AETIOR Y mixture of states), until:

Quantum

Computing ..
S @ Measurement collapses the superposition of states.
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Generator

In the double slit experiment, the two measurement outcomes are
the left slit and the right slit.

In quantum computing, the two qubit measurement outcomes are
|0) and |1).

In the rest of this lesson, we will learn why measurement is

important, and how we predict measurement outcomes.
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Triple Slit Experiment
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Triple Slit Experiment
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Triple Slit Experiment

What would happen if we add one more slit?

Source

Non - Classical Paths.

w=Slit width
d=Inter slit distance
t = Slit thickness
D = Distance between slit plane and detector plane
A =Wavelength of the source

L = Distance between slit plane and source

7
Detector Plane

What would happen if we put a detector near one of the three slits?
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Heisenberg’s Uncertainty Principle
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Heisenberg’s Uncertainty Principle

Measurement

There are two sources of fuzziness of quantum states.

N @ Let us recall that the state of a particle is described as a wave.
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Where is the Particle?!
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Computing This means even the location of the particle is fuzzy.
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s @ Moreover, after measurement, the state collapses.

Improved ZX
Diagrams

We now know exactly where the particle is, but we no longer
know where else it could’ve been.

Heisenberg’s uncertainty principle tells us how
uncertain we are about these two things.
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The Measurement Problem

Measurement

When we measure, the state collapses into one of the possible
outcomes.

Measurement

and Collapse
.~ Whatis actually happening when the state collapses?

Computing

A Random Notice that the detector is part of the system.

Number
Generator

Tmproved ZX The act of measuring couples the particle with the detector.

Diagrams

One possible interpretation is that the detector enters a
superposition with the particle, though scientists still aren’t sure

Then why do we perceive only one state of the superposition?
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Why Do We Measure?
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Why Do We Measure?

Measurement

In physics, measurement tells us about the states of particles.
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- state of a qubit is located on the Bloch sphere.

o Using superposition, we can store and edit
lots of data at once!

@ Measurement is how we retrieve information
from the superposition.
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Example: Brain Scans and Machine Learning

Measurement

- We will look at a brain scan and determine whether the tissue is
and Collapse cancerous.

Measurement in
Quantum

Computing In conventional computing, a machine learning model would tell
A Random us how likely it is that a tissue is cancerous.

Number
Generator

- For example...

Diagrams
o If the scan is of healthy tissue, ideally we’d
find a low likelihood of cancer, such as 2%.

@ If the scan is of a real tumor, ideally we’d find
a high likelihood of cancer, such as 95%.
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Example: Brain Scans and Quantum Computing

Measurement

- We will look at a brain scan and determine whether the tissue is
and Collapse cancerous.

Measurement in
Quantum

Computing In quantum computer, we could try to prepare a qubit that is closer
A Random to |1) when it is more likely the tissue is cancerous

Number
Generator

Improved ZX
Diagrams

Like a light switch, if the state is closer to |1), then it is more
likely to collapse to |1) after measurement.

By running the algorithm many times, likelihood can be estimated.
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We add a notation of a new gate to our circuits for quantum
measurement.

measure result — ——— /71 ——

This gate turns a quantum wire (i.e., a qubit) into a conventional
wire (i.e., a bit) which we illustrate by a pair of wires.
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Measurement in Quantum Computing

We add a notation of a new gate to our circuits for quantum
measurement.

measure result — ——— /71 ——

This gate turns a quantum wire (i.e., a qubit) into a conventional
wire (i.e., a bit) which we illustrate by a pair of wires.

The measurement gate collapses the state of a qubit, and then spits
out the measurement outcome as a conventional bit.
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Measurement in Quantum Computing

Measurement

what to do next.

Measurement
and Collapse

. ‘ For example, secure quantum communication often requires
easurement in . . .
Quantum measuring qubits to decide how we should proceed.

Computing

A Random

Nurber Let’s pretend the message is telling us to negate another qubit

Generator

message — A

let value = measure message
if value then negate q

=

Black dot: If we measure 1, we do the NOT gate on qubit q.
Otherwise, we do nothing.

Some quantum algorithms use measurement outcomes to decide
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Measurement in ZX-Diagram
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Let’s say that we have a quantum state v of a qubit.
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Measurement in ZX-Diagram

Measurement

Let’s say that we have a quantum state v of a qubit.
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Then, we can write the following two ZX-diagrams to help us
Measurement in

Quantum understand the two measurement outcomes.
Computing

G a=|¥ b= v @

Generator

- We can think of this red dot as taking in a qubit, and then
returning how close the qubit is to either |0) or |1).

Born’s Rule

What do we mean by close? Born’s Rule tells us that the
probability of measuring |0) will be ||2 and the probability of
measuring |1) will be |52
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ZX-Diagrams and Measurement Rules

Measurement

To find out o and 3, we introduce some ZX-rules.

Measurement in

Messurment These rules show some special cases we will come across often.
and Collapse

Compuive [ 0=
A Random

Gencter 0= 1= 7=

2

_L<||_L

N

_.g|_.
N

Improved ZX
Diagrams

Since |1/v/2[? = 50%, we will get |0) as a measurement outcome
from the states |+) and |—) half of the time.

What About Other Outcomes?

Computing these probabilities requires some tedious math and
imaginary numbers! We will learn to use software to do this for us.
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It is hard to generate random numbers in conventional computing.
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and Collapse In a quantum computer, the following generates a random number:
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Computing

@ First, we will start with a qubit in state |0).
Nomber © Then, we will apply a Hadamard gate to obtain a qubit in
Generator state ‘+>
© Finally, we will measure the qubit to obtain a bit that is in
state |0) half of the time, and in state |1) the other half.
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Example: A Random Number Generator

It is hard to generate random numbers in conventional computing.

In a quantum computer, the following generates a random number:

@ First, we will start with a qubit in state |0).

© Then, we will apply a Hadamard gate to obtain a qubit in
state |+).

© Finally, we will measure the qubit to obtain a bit that is in
state |0) half of the time, and in state |1) the other half.

This program corresponds to the following circuit.

A

0 —mH
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Example: Explanation of the Generator
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The circuit corresponds to the following pair of ZX-diagrams:
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As we saw earlier on, |1/v/2[2 = 1/2, so we will measure |0) one
half of the time, and |1) the other half of the time.



Example: Explanation of the Generator

Measurement

The circuit corresponds to the following pair of ZX-diagrams:

Measurement _ _ 1
and Collapse @_ H - - \/é
Measurement in 1

Quantum

Computing @_ H —@ = =

A Random
Number
Generator

- As we saw earlier on, |1/v/2]2 = 1/2, so we will measure |0) one
Diagrams half of the time, and |1) the other half of the time.

We would like to emphasize that this is not just a cool theoretical
idea. Indeed, people have already built random number generators
based on this simple idea!
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Working With Measurement Outcomes
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We saw that each measurement outcome gives a ZX-diagram.
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Working With Measurement Outcomes

Measurement

We saw that each measurement outcome gives a ZX-diagram.

Measurement
and Collapse

We combine these ZX-diagrams by introducing a variable for the

Measurement in

Quantum measurement outcome to the diagram.
Computing
A Random
Number
Generator Let us return to the example of NOT gate controlled by
Improved ZX measurement:
Diagrams

message — A

q D




Outcomes as Variables
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The measurement outcomes create the following ZX-diagrams:
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o If the measurement outcome is 1, then it negates q.
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Outcomes as Variables

message

A

The measurement outcomes create the following ZX-diagrams:

or

o If the measurement outcome is O, then it does not negate q.
o If the measurement outcome is 1, then it negates q.

The second qubit q is rotated by b - 7 for each outcome b.

message

A

R
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