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Visualizing Quantum Circuits: State Vector
Difference Highlighting and the Half-Matrix

Michael J. McGuffin and Jean-Marc Robert

Abstract—Existing graphical user interfaces for circuit simulators often show small visual summaries of the reduced state of each
qubit, showing the probability, phase, purity, and/or Bloch sphere coordinates associated with each qubit. These necessarily provide an
incomplete picture of the quantum state of the qubits, and can sometimes be confusing for students or newcomers to quantum
computing. We contribute two novel visual approaches to provide more complete information about small circuits. First, to complement
information about each qubit, we show the complete state vector, and illustrate the way that amplitudes change from layer-to-layer
under the effect of different gates, by using a small set of colors, arrows, and symbols. We call this “state vector difference highlighting”,
and show how it elucidates the effect of Hadamard, X, Y, Z, S, T, Phase, and SWAP gates, where each gate may have an arbitrary
combination of control and anticontrol qubits. Second, we display pairwise information about qubits (such as concurrence and
correlation) in a triangular “half-matrix” visualization. Our open source software implementation, called MuqcsCraft, is available as a
live online demonstration that runs in a web browser without installing any additional software, allowing a user to define a circuit
through drag-and-drop actions, and then simulate and visualize it.

Index Terms—Quantum circuit, quantum algorithm, graphical user interface, GUI, state vector simulation, entanglement.
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1 INTRODUCTION

G RAPHICAL simulators for quantum circuits often show
a circuit diagram with small visual summaries of the

reduced state (also called local state) of each qubit. These
visual summaries might show the measurement probability
for the |1⟩ state, the qubit’s phase or coordinates in the
Bloch sphere, and the purity in the reduced state1 (Figure 1).
Although this information is useful, it can also be limit-
ing or confusing for beginners: for example, just showing
information about single-qubit reduced states can make it
difficult to know which qubits are correlated or entangled,
and a qubit’s phase does not always change as might be
expected in response to a gate. More fundamentally, in a
circuit on n qubits, visualizing the reduced state (or any
fixed amount of information) for each qubit only shows
O(n) information, which cannot reveal a complete picture of
the circuit’s quantum state, since the state vector comprises
O(2n) degrees of freedom.

As an alternative approach, we propose visualizing all
2n complex amplitudes of the entire state vector, as they
evolve layer-by-layer. This is only feasible for small circuits
(roughly n ≤ 8, or 256 amplitudes), however, circuits of this
size are useful for educational purposes and for developing
intuition. We show that a simple set of visual primitives (col-
ors, arrows, and symbols) is sufficient to visually augment
the state vector to elucidate the effect of a core subset of
gates (Figure 2), namely Hadamard, X , Y , Z , S =

√
Z ,
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1. The reduced state of a qubit is obtained by tracing out all other
qubits from the density matrix. Sections 6.3 and 6.5 in [1] explain how
to compute these and related statistics.

Fig. 1. IBM Quantum Composer (top) [2] and Quirk (bottom) [3] showing
the same circuit. In both, the reduced state of the qubits is shown to the
right of the circuit diagram, in the area enclosed by the orange rectangle.
Inside this orange rectangle, IBM’s “phase disks” show the phase (white
tick mark), probability (blue area), and purity (the diameter of the white
circle is half of the disk, indicating a purity of 0.5), whereas Quirk’s
widgets show the probability (green area) and Bloch sphere coordinates
(a yellow dot in the center of each sphere, because the reduced states
are maximally mixed, meaning a purity of 0.5).

T = 4
√
Z , Zk, Phase(θ), GlobalPhase(θ), and SWAP gates2,

2. Phase(θ) is equivalent to Zθ/π . GlobalPhase is abbreviated as GP
in the screenshots of our software. A complete list of matrix definitions
of the gates is available at https://github.com/MJMcGuffin/muqcs.js?
tab=readme-ov-file#matrix-definitions

https://github.com/MJMcGuffin/muqcs.js?tab=readme-ov-file#matrix-definitions
https://github.com/MJMcGuffin/muqcs.js?tab=readme-ov-file#matrix-definitions
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Fig. 2. MuqcsCraft’s visual interface. A: The circuit diagram. Black and white dots correspond to control and anticontrol qubits. B: A toolbar from
which gates can be dragged onto the circuit diagram. C: The reduced state of each qubit at the output of the circuit: linear entropy and von Neumann
entropy (shown with grey bars), probability of measuring 1 (blue bar), phase (blue disc). D: The state vector, layer-by-layer, shown below the circuit
diagram. For each layer of the circuit, the 16 amplitudes of the state vector are wrapped into 8×2 cells. Difference highlighting indicates how the
state vector changes under the effect of each gate, using the purple and green colors, arrows, and symbols. E: A key to the bitstrings for the base
states. For example, the lower left cell in each 8×2 state vector is 1110, where the left-most bit corresponds to the bottom wire in the circuit. F: The
triangular half-matrix shows one cell for each pair of qubits. For example, the mouse cursor is over the right-most cell, corresponding to the top and
bottom wires which are highlighted in orange. G: A tooltip with curved callout arrows gives details about the contents of the cell under the cursor.

where each gate may have any combination of control and
anticontrol qubits. We call this use of colors, arrows, and
symbols state vector difference highlighting, because of the way
they illustrate the evolution of the state vector (Figure 2 D).
Other gates not in the core subset (such as Xk and Y k)
can be replaced with equivalent sequences of gates from
the subset, enabling the effect of all single-qubit gates to be
visualized with difference highlighting, establishing a kind
of visual universality which we define later. Thus, a small set
of visual primitives makes quantum state dynamics more
comprehensible.

We also propose a second novel visualization called the
half-matrix which shows information about every pair of
qubits (Figure 2 F). Our implementation shows the entropy,
correlation, and concurrence [4] for each pair of qubits, and
the half-matrix can easily show other kinds of pairwise
information.

We also present examples demonstrating how state vec-
tor difference highlighting can make it more straightforward
to design a circuit, and how the half-matrix makes it easier
to identify relationships between pairs of qubits that are
partially or fully entangled. These tasks are much easier
to perform with our techniques than with the status quo
visualizations in existing software (Figure 1).

Our software implementation, MuqcsCraft [5], allows
the user to define a circuit with drag-and-drop actions.
Interactive coordinated highlighting (where the user hov-
ers the cursor over one element, causing correspond-
ing elements elsewhere to highlight) and tooltips with
curved callout arrows (Figure 2 G) make the user interface
more self-explanatory. MuqcsCraft is open-source and web-
based, available to use at https://mjmcguffin.github.io/
MuqcsCraft/ without installing any software. A companion

video3 demonstrates features of the software.

2 PROBLEMS WITH CURRENT APPROACHES

The fact that every unitary gate causes a rotation (and/or a
change in global phase) of the state vector in Hilbert space4,
and that every single-qubit gate causes a rotation in the
Bloch sphere (Figure 4 D), suggests an appealingly simple
mental model. Beginners might think that, to change the
phase of a qubit, they merely need to choose a gate with an
appropriate rotation angle. We might therefore hope that
the visualizations of qubit reduced states would guide a
user in choosing appropriate gates to achieve various effects.
Indeed, in simple cases (Figure 3), the effect of certain gates
on qubit phase is straightforward.

Fig. 3. Visual feedback in IBM Quantum Composer (left) and Quirk
(right), when gates have an easy-to-understand effect on the phase,
rotating the phase by π/4, π/2, and π radians.

3. https://youtu.be/BCunU gCXT4
4. Any n-dimensional unitary operator can be expressed as eiθ/nR

where R is a unitary rotation matrix with detR = 1.

https://mjmcguffin.github.io/MuqcsCraft/
https://mjmcguffin.github.io/MuqcsCraft/
https://youtu.be/BCunU_gCXT4
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However, Figure 4 shows how certain cases could be
sources of confusion for a student or beginner. First, rotation
angles are reduced if there is a control qubit involved.
Second, rotations around an axis other than z are not visible
in IBM's “phase disks”, and can be dif�cult to see in Quirk's
Bloch spheres (for example, how easily can we see that
the phase in Figure 4 E is actually � �= 2?). Third, single-
qubit gates have no effect on Bloch sphere coordinates if
the reduced state is maximally mixed, which is not clearly
shown in IBM's user interface. Fourth, phase kickback is an-
other potential source of confusion, complicating the mental
model of how gates affect qubits.

Fig. 4. Examples where gates have a complicated effect on qubit phase,
showing the visual feedback of IBM (left) and Quirk (right). A: the RZ
gate has an angle of �= 2, but the phase changes by �= 4, because of
the control qubit. B: a

p
X gate normally rotates by �= 2 around the x

axis, and in the circuit, we do see a change of �= 2 in q[0] 's phase,
but in the negative direction. q[1] 's phase also changes, because of
phase kickback. C: a T gate normally rotates the phase by �= 4, but in
this case, we see no change in the phase. Each of A, B, and C could
be a source of confusion for a student or beginner. D: the Bloch sphere,
where � is the phase, and axes are oriented the same way as in Quirk's
visual feedback. E: enlarged view of Quirk's visual feedback in B.

Even for researchers with some experience, it might
sometimes be dif�cult to determine which gate to use for
a given purpose. In the next section, we propose showing
the state vector, and show how it can be visualized with dif-
ference highlighting, to make clearer how and why it changes
from one layer of the circuit to the next. We have found
such visual feedback more helpful for designing circuits
than showing qubit reduced states.

Single qubit reduced states can also make it dif�cult
to understand a circuit's operation. For example, Figure 1
shows a circuit similar to one that would generate a GHZ
state on four qubits, except that the bottom qubit (which
is left-most in bitstrings) is inverted, and the RY( �= 4) gate
perturbs things. The state vector visualizations in both user
interfaces in Figure 1 indicate that the base states 0111
and 1000 are more likely than 0100 or 1011, with all other
base states having probability zero. This implies that (1) the
two top qubits (which are right-most in the bit strings) are
perfectly correlated (i.e., they always yield the same value
when measured in the computational basis); (2) the two
bottom qubits are perfectly inversely correlated; (3) the two
middle qubits are only partially correlated and perhaps only

partially entangled. However, this is not indicated at all in
the single qubit reduced states which all indicate a purity of
0.5 in IBM's interface (or, equivalently, maximal mixedness
in Quirk's interface). The half-matrix, presented in Section 4,
is an alternative visual aid for analyzing circuits that makes
it easier to understand such circuits.

3 VISUALIZING THE STATE VECTOR

3.1 Basic Display Options and Features

Figures 2, 5 and 6 show examples of state vectors whose
amplitudes are shown using horizontal blue bars (whose
horizontal length is related to the probability or magnitude,
depending on the user's choice) and discs with a tick mark
(to show phase). We now explain how the visual design of
these amplitudes is based on principles from information
visualization.

Fig. 5. The same circuit on 4 qubits is shown with different display
options. The state vector for each layer has 16 amplitudes. A: each
layer's state vector is shown as a 16� 1 column vector. B: each state
vector is wrapped into an 8� 2 arrangement. C: the single-qubit reduced
states are also show for each layer. D: the amplitudes of the state vector
are shown as squares, with blue bars behind each disc instead of to the
left of each disc. E: enlarged view showing bits highlighted in orange
corresponding to the top wire under the mouse cursor in D.

Fig. 6. The blue bars shown for each amplitude can have length pro-
portional to probability (left), or proportional to magnitude of amplitude
(middle), or be an appropriately scaled linear function of the logarithm
of probability (right) to make differences between small values easier to
see.
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Probability or magnitude is shown using a bar length
rather than, say, a shade of a color, because perceptual stud-
ies have established a hierarchy of visual channels (chapter
5 in [6]) that ranks length as one of the best ways to show
a quantitative variable. The bars have text labels on top
of them to indicate the numerical value of the probability.
Thus, bar lengths allow a reader to quickly �nd large and
small values, whereas the numerical text provides more pre-
cise information. The bars are oriented horizontally, rather
than vertically, to make better use of the spatial resolution
made available by the text. When an amplitude is zero, no
disc is shown, to make it clearer that the amplitude is indeed
zero and to make it more visually distinct from non-zero
amplitudes. Phases are shown using the orientation of the
disc's tick mark, rather than, say, the length of another bar,
to re�ect the fact that angles wrap around at 2� back to zero.

Each state vector can be wrapped into multiple columns
to save space vertically (most of the state vectors in Fig-
ures 2, 5 and 6 are 8� 2). Amplitudes can also be compressed
into squares (Figure 5 D and E) to save even more space.

In many circuits, the magnitudes of the resulting am-
plitudes are very small and dif�cult to distinguish. We
implemented different de�nitions of bar length (Figure 6) to
allow increasing the visible difference between small values,
making it easier to see which are bigger or smaller.

Hovering the mouse cursor over different parts of the
user interface causes tooltips to appear (Figure 2 G, Fig-
ure 5 B and C) to make the user interface more self-revealing
and provide more precise information. When appropriate,
tooltips have curved callout arrows connecting them to
corresponding visual elements (Figures 2 G, 5 C, 17, 18).

We also implemented multiple kinds of interactive co-
ordinated highlighting [7]. Hovering over a state vector
causes a vertical orange line segment to appear in the circuit
between the corresponding layers (Figure 5 B). Hovering
over reduced states causes the same vertical orange line
segment to appear, and also highlights the corresponding
wire in orange (Figure 5 C). Hovering over a wire causes
the corresponding bits in the bitstrings to be highlighted
(Figure 5 D and E; see also Figure 14). Finally, hovering over
a cell in the half-matrix causes the corresponding two wires
to be highlighted in orange (Figures 2 and 17).

3.2 State Vector Difference Highlighting

Consider a layer in a circuit where there is only one gate. The
following sections consider various kinds of gates for which
we can graphically show the effect on the state vector.

To explain the effect of the gate, we partition the ampli-
tudes of the state vector into evenand oddsubsets. If there are
n qubits, the amplitudes are identi�ed by bitstrings of the
form bn � 1 : : : b0. For example, if n = 3 , the bitstrings are 000,
001, ..., 111. If the gate is on wirej , where 0 � j < n , then the
evenamplitudes are de�ned as those whose bitstrings have
their j th bit equal to 0, and similarly, the odd amplitudes
have bitstrings with j th bit equal to 1. As an example, for
n = 3 , j = 1 , the odd amplitudes have bitstrings 01 0,
011, 110, 111, where the j th bit is underlined. As another
example, Figure 10 shows the even and odd amplitudes in
different colors. We use these de�nitions of odd and even in
the following sections.

3.2.1 Z gates
The effect of a Z on the state vector is to rotate the odd
amplitudes. In our state vector difference highlighting, the
subset of amplitudes affected by this is colored green.

Figure 7 shows the difference highlighting when the Z
gate is on different wires. The green semicircular arrow to
the right of each state vector indicates that the rotation angle
is always � radians.

Fig. 7. Difference highlighting showing the effect of the Z gates in the
last 4 layers of the circuit. Amplitudes rotated by each Z gate are colored
green. (The �rst 4 layers of the circuit were designed to create a variety
of amplitudes with different magnitudes and phases, to make it easier
to see how these are modi�ed in the subsequent layers. These �rst 4
layers are reused in several subsequent �gures.)

If a Z gate has one or more control (or anticontrol) qubits,
these simply limit the subset of amplitudes that are rotated.
Examples of this are shown in Figure 8. Each additional
control (or anticontrol) qubit reduces by half the subset of
amplitudes that are colored green and that are rotated.

Fig. 8. The effect of controlled Z gates is restricted by control or
anticontrol qubits. Notice that the subset of amplitudes colored green
in D is the intersection of those in A and C.

3.2.2 S, T, Phase, and GlobalPhase gates
The difference highlighting for Z gates is easily extended
to any single-qubit gates that rotate a subset of amplitudes,
even with control or anticontrol qubits. We have done this in
our software for S =

p
Z and T = 4

p
Z and their inverses,

as well as Z k and Phase(� ) = Z �=� (Figure 9). Our software
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also supports a GlobalPhase(� ) gate, in which case the set
of amplitudes colored green is the entire state vector, unless
there are control (or anticontrol) qubits limiting the rotation
to a subset.

Fig. 9. Difference highlighting for other gates that rotate around the z
axis of the Bloch sphere. A: Z 1=2 = S. B: Z 1=4 = T . C: Z � 1=2 = S� 1 .
D: Phase(120� ) with a control qubit.

3.2.3 X gates
The effect of an X gate is to exchange even and odd am-
plitudes of the state vector. To show this visually, we color
the even and odd subsets in purple and green5, respectively
(Figure 10). The double-headed curved arrows mean that
each pair of contiguous purple and green blocks exchange
places.

Fig. 10. The effect of X gates on different wires. Even amplitudes are
highlighted in purple, odd amplitudes in green.

Similar to the previous examples, adding control qubits
simply restricts the effect of the X gate to a smaller subset
of amplitudes (Figure 11).

3.2.4 Y gates
Visualizing the effect of Y gates is more dif�cult. However,
we can notice that Y = SXS � 1 = Z 1=2XZ � 1=2. Reading

5. These colors were chosen because most forms of colorblindness
involve a dif�culty or inability to distinguish along the red-green
dimension or the yellow-blue dimension of color space, but purple and
green differ along bothof these dimensions simultaneously.

Fig. 11. Controlled X gates. Notice that the subset colored purple and
green in layer D is the intersection of the subsets in layers A and C.

this right-to-left, Z � 1=2 rotates the odd amplitudes by � �= 2
radians, then X exchanges the even and odd amplitudes,
and �nally, Z 1=2 rotates the amplitudes that were originally
even by + �= 2 radians. This is equivalent to rotating the
even and odd subsets by + �= 2 and � �= 2, respectively,
followed by an exchange. Thus, we can combine and extend
the visual feedback already designed for the S� 1 = Z � 1=2

and X gates, yielding two rotation angles (one for each col-
ored subset) and double-headed curved “exchange” arrows
(Figure 12).

Fig. 12. Difference highlighting for Y gates. For each Y gate, imagine the
+ �= 2 purple anticlockwise rotation applied to the purple (even) subset,
the � �= 2 green clockwise rotation applied to the green (odd) subset,
and then the purple and green subsets exchanging places to yield the
state vector in the next layer.

3.2.5 Hadamard gates

For Hadamard gates, the concept of even and odd subsets
applies again, but now these are being added and subtracted
and scaled by 1=

p
2. The addition and subtraction is repre-

sented by the � and 	 symbols (Figure 13), and the scaling
factor is implicit. The intention is to show how multiple
Hadamard gates can distribute a single non-zero amplitude
over many base states (Figure 14, �rst three layers of each of
the circuits) and also used to cancel amplitudes (Figure 14,
last three layers of each of the circuits).
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