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The Compass Mechanism

Studies suggest that the magnetic compass of migratory birds relies on quantum
effects in short-lived molecular fragments known as radical pairs that are formed
photochemically in the eyes. In this way, the birds can perceive Earth’s magnetic field
lines and use that information to navigate their long-haul frips.
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Cryptochrome proteins—Ilocated in the retinal
cells of the bird's eye—include a flavin adenine
dinucleotide molecule (FAD) and a tryptophan
amino acid (Trp). In the stable state, these
molecules are electrically neutral, and a small
section of the protein probably extends like a tail.

When a photon of blue light hits the
cryptochrome, an electron jumps from the Trp
onto the FAD. The resulting molecules—each
with an odd number of electrons—are known as
aradical pair. In this singlet state, the molecules’
unpaired electrons spin in opposition.

The activated protein oscillates rapidly back
and forth between the singlet state and the
triplet state, in which the unpaired electrons
spin in parallel. Earth's magnetic field
influences the spin, impacting the likelihood of
each state dominating.

Both states can undergo chemical reactions that
transform them into the “signaling state"—in
which a hydrogen ion has been added to the
FAD radical—and the tail seems to move closer
to the bady of the protein. The singlet state can
also simply return to the ground state. The
proportion of outcomes depends on the bird's
orientation in Earth's magnetic field

The signaling state of the cryptochrome turns

on a biochemical cascade that triggers the
release of neurotransmitter molecules in the
retina. Signals continue to the bird's brain, where
the magnetic information they contain is

i withi ion from other dil

cues, informing the direction of the bird’s flight.

Cryptochrome retums to its ground state, and
the process starts again (dashed arrow).
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Understanding quantum computing requires understanding these four key principles of
quantum mechanics:

— Superposition: Superposition is the state in which a quantum particle or system can
represent not just one possibility, but a combination of multiple possibilities.

- Entanglement: Entanglement is the process in which multiple quantum particles
become correlated more strongly than regular probability allows.

— Decoherence: Decoherence is the process in which quantum particles and systems
can decay, collapse or change, converting into single states measurable by classical
physics.

- Interference: Interference is the phenomenon in which entangled quantum states
can interact and produce more and less likely probabilities.
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Entanglement

Entanglement is the ability of qubits to correlate their state with other quhbits. Entangled
systems are so intrinsically linked that when quantum processors measure a single
entangled qubit, they can immediately determine information about other qubits in the

entangled system.

When a quantum system is measured, its state collapses from a superposition of
possibilities into a binary state, which can be registered like binarv code as either a zero

or aone.

Decoherence

Decoherence is the process in which a system in a quantum state collapses into a
nonquantum state. It can be intentionally triggered by measuring a quantum system or
by other environmental factors (sometimes these factors trigger it unintentionally).
Decoherence allows quantum computers to provide measurements and interact with

classical computers.
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Interference

An environment of entangled qubits placed into a state of collective superposition
structures information in a way that looks like waves, with amplitudes associated with
each outcome. These amplitudes become the probabilities of the outcomes of a
measurement of the system. These waves can build on each other when many of them
peak at a particular outcome, or cancel each other out when peaks and troughs interact.
Amplifying a probability or canceling out others are both forms of interference.

A, >+ 28 5 #
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To better understand quantum computing, consider that two counterintuitive ideas can
both be true. The first is that objects that can be measured—qubits in superposition with
defined probability amplitudes—behave randomly. The second is that objects too distant
to influence each other—entangled qubits—can still behave in ways that, though
individually random, are somehow strongly correlated.

A computation on a quantum computer works by preparing a superposition of
computational states. A quantum circuit, prepared by the user, uses operations to
generate entanglement, leading to interference between these different states, as
governed by an algorithm. Many possible outcomes are canceled out through
interference, while others are amplified. The amplified outcomes are the solutions to the
computation.
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Princeton, 1945

Central Processing Unit

Control Unit
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Input Arithmetic/Logic Output
Device . Device

Control bus
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Memory Unit storing Single System Bus evolution
Both Data and Instructions Of the JvN architecture

After each “clock cycle”, a JvN computer is synchronizing Inputs and
Outputs. The JvN architecture is well suited to solving numeric computing
problems, but vast numbers of words must be pushed back and forth
between computer memory and the CPU [“von Neumann bottleneck’]
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Training compute (FLOPs)

A R<ES;

Training Compute (FLOPS) of Milestone
Machine Learning Systems Over Time, n=98
Logarithmic scale, FLOP = Floating point operation
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Quantum processors do not perform mathematical equations the same way classical
computers do. Unlike classical computers that must compute every step of a complicated
calculation, quantum circuits made from logical qubits can process enormous datasets
simultaneously with different operations, improving efficiency by many orders of
magnitude for certain problems.

Quantum computers have this capability because they are probabilistic, finding the most
likely solution to a problem, while traditional computers are deterministic, requiring
laborious computations to determine a specific singular outcome of any inputs.

While traditional computers commonly provide singular answers, probabilistic quantum
machines typically provide ranges of possible answers. This range might make quantum
seem less precise than traditional computation; however, for the kinds of incredibly
complex problems quantum computers might one day solve, this way of computing could
potentially save hundreds of thousands of years of traditional computations.

While fully realized quantum computers would be far superior to classical computers for
certain kinds of prohlems requiring large data sets or for completing other problems like
advanced prime factoring, quantum computing is not ideal for every, or even most
problems.

Realistically, classical computers will continue to be used for the majority of their current
applications. However, cloud-connected quantum computers or hybrid ecosystems are
already being implemented to explore a wide array of advanced applications. As quantum
computing continues to progress, we can expect this advanced technology to not only
impact existing industries, but potentially unlock entire new ones as well.
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Superconducting qubits: Made from superconducting materials operating at
extremely low temperatures, these qubits are favored for their speed in performing
computations and fine-tuned control.

Trapped ion qubits: Trapped ion particles can also be used as qubits and are noted
for long coherence times and high-fidelity measurements.

Quantum dots: Quantum dots are small semiconductors that capture a single
electron and use it as a qubit, offering promising potential for scalability and
compatibility with existing semiconductor technology.

Photons: Photons are individual light particles used to send quantum information
across long distances through optical fiber cables and are currently being used in

quantum communication and quantum cryptography.

Neutral atoms: Commonly occurring neutral atoms charged with lasers are well

suited for scaling and performing operations.
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Control

Quantum computers use circuits with capacitors and Josephson junctions as
superconducting qubits. By firing microwave photons at these qubits, we can control
their behavior and get them to hold, change and read out individual units of quantum
information.
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Test_ QCNN_dynamic28_exp63, Cseed=99, Qseed=62
CNN=0.73; QCNN=0.77; diff=0.04
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