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In this paper we present a new open source package, Spin-Scenario, aimed at developing an intuitive,
flexible and unique scripting framework able to cover many aspects of simulations in both MR imaging
and MR spectroscopy. For this purpose, we adopted the Liouville space model as the standard computing
engine and let the consequent computational burden be afforded by parallel computing techniques.
Benefitting from the powerful Lua scripting language, the pulse sequence programming syntax was spe-
cially designed to offer an extremely concise way of scripting. Moreover, the built-in dataflow graph
based optimal control scheme enables an efficient optimization of shaped pulses or multiple cooperative
pulses for real-life experiment evaluations. As the name states, the users are expected to be able to realize
their creative ideas like a scenarist that creates a scenario script and looks at the spin actors acting
accordingly. The validation of the framework was demonstrated with several examples within MR imag-
ing and MR spectroscopy. Spin-Scenario is available for download at https://github.com/spin-scenario.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Numerical simulation of spin dynamics has become a powerful
tool for a variety of MR studies, including design of pulse
sequences, experimental validations, educational purposes and
many others. Depending on the field of applications, those existing
tools can be classified basically into two categories: MR imaging
[1-4], which uses numerical Bloch equation simulators, and MR
spectroscopy [5-8], which uses either analytical or numerical sim-
ulators based on quantum mechanics.

With several assumptions, the Bloch’s semi-classical theory is
pretty simple and efficient for MRI simulations regarding a system
of independent proton isochromats. However, it has certain limita-
tions as physics beyond the standard Bloch equation is not yet
taken into account [9]. For instance, in order to include the kinetic
effects of diffusion and flow (see the Bloch-Torrey-Stejskal (BTS)
equation) an extension of Bloch’s theory is required, while a
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further extension of the BTS equation for multi-pool model of spin
packets is necessary in order to include the effects of magnetiza-
tion transfer. Also, simulations of higher spins (I > 1/2) are just
beyond the limits of the Bloch equation, though the higher spin
imaging has nowadays attracted much attention. For example,
the lithium-based MRI [10] enables a completely non-invasive
visualization and characterization of the changes that occur on bat-
tery electrodes and in the electrolyte. The sodium-based MRI [11]
can provide direct insights into the metabolic activity and cellular
integrity of tissues - in particular in the human brain. It also seems
that the emerging MR methodologies, especially in the field of
medicine, are blurring the boundaries between MR imaging and
MR spectroscopy. E.g., magnetic resonance spectroscopic imaging
(MRSI) [12], combining both spectroscopic and imaging methods
to produce spatially localized spectra from within the sample or
patient, is now playing a vital role in the study of metabolic
changes in brain tumors, Alzheimer’s disease and other diseases
affecting the brain. Compared with the Bloch equation, the
Liouville-von Neumann equation offers a general formalism
for spin dynamics, based on quantum mechanics, which is able
to broadly describe experiments either in MR imaging or
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spectroscopy. A representative example is the Spinach [8,13]
library, with the quantum mechanical simulations in Liouville
space, the package is extremely versatile including spatially
encoded NMR, diffusion processes, and even hydrodynamics.

Another crucial issue for MR simulations is the pulse program-
ming environments, whose intuition and flexibility are essential.
ODIN [1] offers researchers a flexible way to develop pulse
sequences with low-level custom C++ classes, method which usu-
ally requires basic object-oriented programming experience and
potentially leads to more lines of code. JEMRIS [3] utilizes XML tree
to represent a pulse sequence, the user can define the loops at
branch nodes and the actual pulses at leaf nodes respectively. Note
that nodes definitions must be bounded to the tree structure,
which, to some extend, decreases the readability of the resulting
pulse sequence. SequenceTree [14] also benefits from the hierar-
chical tree concept: it shows the sequence tree, parameters and
pulse diagram by a QT-based graphical user interface, which pro-
vides a visual and intuitive environment to nonprogrammers,
being particularly useful for the training and education purposes.

The ultimate aim of the Spin-Scenario library is to provide an
intuitive, flexible and unique scripting environment for both MR
imaging and spectroscopy. To achieve this objective, first we inter-
nally use the Liouville space model for the spin dynamics calcula-
tions. The consequent time-consuming simulations can be greatly
accelerated by taking advantage of parallel computing techniques.
Inspired by design philosophy in the game industry, the kernel
functionality of Spin-Scenario is written in C++ for high perfor-
mance, whereas the experimental scenarios are created via a cus-
tomized scripting language with elegant simplicity. As a
powerful, embeddable and fast scripting language, Lua [15] has
been widely used in many industrial applications, especially in
games. The Spin-Scenario extension with Lua bindings offers a
straightforward scenario scripting environment in a natural man-
ner. An introduction to Lua provides a simple way to get the stage
ready for the play and, more importantly, builds a whole new, flex-
ible and user-friendly pulse programming environment that pro-
vides researchers all functionalities for rapid-sequence
prototyping.

2. Methods
2.1. Physical background

In the Liouville space, the motion of the density operator in the
presence of relaxation has the following form

%?: (—ii+§)p, (1)

in which I is the commutation superoperator corresponding to the

system Hamiltonian, and R is referred to as the relaxation superop-
erator. The relaxation parameters for tissues (e.g. T; and T, for the
longitudinal and transverse relaxation time respectively) and mole-
cules (dipolar, CSA, quadrupolar, etc.) can be embodied in the relax-
ation superoperator R.

In detail the Hamiltonian superoperator L can be written as
L=Ho+ > HY, (2)
k

where H, is the free evolution Hamiltonian, ITI,'f are the external

parts of the Hamiltonian representing the radio frequency (r.f.)
control fields.

2.2. General framework

The Spin-Scenario framework consists of three essential parts
from bottom to top: the computing engine layer, the pulse
sequence layer and the scenario script layer. The first two layers
are both implemented in C++ for optimized performance in kernel
calculations as well as highly flexible combination in pulse
sequence assembly, while the uppermost layer is implemented in
Lua for the ultimate intuitive scripting environment.

The kernel calculations inside the computing engine are based
on the Liouville-von Neumann equation in order to make it essen-
tially compatible with different MR applications, and moreover,
parallel computing techniques are utilized to satisfy the potential
large spin system or huge spin ensemble. The pulse sequence layer
is accomplished via introducing the sequence blocks concept. Basi-
cally, a pulse sequence can be always broken down into two-level
blocks. Level 1 blocks are atomic blocks of r.f. pulses, gradients,
delays and signal acquisition modules; level 2 (glue level) blocks
are serial or parallel combination of arbitrary components from
both levels. In this way, each pulse sequence can be ultimately rep-
resented by a high-level serial block. The scenario script layer is
designed to enable a high degree of user flexibility. We extend
the library with Lua bindings, which provides a straightforward
scenario scripting environment in a natural manner.

When an experimental scenario is ready, pulse sequences will
be broken into a substantial number of steps, each of which can
be described as a fixed interval with constant control variables
such as r.f. (amplitude, phase and frequency), gradient (axis and
amplitude) and acquisition. The evolution of each step can be fur-
ther solved with the computing engine. In Spin-Scenario, Google’s
TensorFlow [16] is also utilized to construct the sequence related
computation graph, and launch the forward computation.

The major modules of Spin-Scenario are listed in Table 1.

2.3. Spin system operations

In contrast to simulation packages such as JEMRIS [3] and MRi-
Lab [4], the formation of spin systems in Spin-Scenario is based on
quantum mechanics instead of on the semiclassical Bloch
approach. Basically, the quantum state of a spin system can be rep-
resented by the density matrix or the density operator, which is
essentially built based on irreducible spherical tensors. The theory
details of the density operator are well described in [5,8].

In Spin-Scenario, a spin system can be easily created with a Lua
table, including all necessary parameters such as spin, zeeman,
jcoupling and relaxation. For example, the >C labelled ala-
nine can be formed with following code snippet:

local sys = spin_system{
spin = "13C 13C 13C",
zeeman = "1 scalar 15.74 kHz

3 scalar -4.3 kHz",
jcoupling ="1 2 scalar 54.2 Hz
2 3 scalar 35.4 Hz"
}

Table 1
Major modules within the Spin-Scenario library.

Spin-Scenario library

Spinsys Spin system formation based on quantum mechanics
Phantom Digital phantom models including MIDA brain

Seq Pulse sequence programming language

Physx Physical engine doing the kernel calculations

Equip Interfaces for magnet, gradient coils and Tx/Rx coils
Oc r.f. pulse optimizations

Utility Utility tools for interactive 10 and visualization
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In general, the density operators or state operators can be rep-
resented as products of individual spin operators. The op and
state functions are used for representing the density operator
and the state operator respectively. The validated strings for each
spin are "I+", "I-", "Iz" and "Ie". E.g sys:state{l, "I+", 3,
"1-"}is for the state II3.

Moreover, taking advantage of the computer algebra system
Yacas [17], Spin-Scenario also provides a very practical feature
for the construction of more complex operators or states that are
a linear combination of arbitrary either spherical or cartesian oper-
ators. E.g. sys:expr_state("2xI1xI3x-0.5%I2xI3y") is a
straightforward  generation  of the combined  state
2lhxI3x — 0.5I5I3,. The Yacas integration was fully utilized through-
out Spin-Scenario to evaluate those kinds of expression in a natural
manner.

For a specific spin system, it is also possible to retrieve its free
Hamiltonian, total Hamiltonian and the relaxation superoperator
via sys.LO, sys.L and sys.R respectively.

2.4. Pulse sequence programming

2.4.1. Sequence block

The most common used rectangle or hard pulses are realized by
hardR¥F block. For example, hardRF{beta = 60, phase = "-y"}is
a 60° -y-pulse for proton 'H excitation. The pulse width is propor-
tional to that of the standard 90° pulse, which can be globally
declared via pw90{} in advance. Alternatively, adding an explicit
width key to the table will achieve a similar block. Besides, the
valid phase options are not merely limited to the four quadrant
axes, arbitrary angle in degree is also generally supported. For
other nuclei, the explicit nuclear isotope such as channel =
"13¢" is required. Moreover, multi-channel excitation pulse can
be achieved easily by extending both channel and phase respec-
tively. For instance, hardRF{beta =180, channel ="1H|13C",
phase = "x|x"} gives a refocusing pulse applied on a heteronu-
clear '"H—13C spin system.

Shaped pulses has been widely used to increase excitation
bandwidth, achieve desired profile over the entire bandwidth,
and improve polarization and coherence transfer efficiencies in
numerous NMR experiments [18]. To this end, shapedRF was pro-
vided as a general interface for both routine patterns (such as Sinc,
Gaussian, Rectangle, etc.) and external shape files. E.g. shapedRF
{width::5.12,step::256,max_amp:lOO,pattern = "sinc"
defines a 5.12 ms 256-step five-lobe Sinc pulse on proton channel
with a maximum amplitude 100 Hz, an extra lobe item can be
added if necessary. It also supports to import pulse shape from
external waveform file or complex mathematical expression, just
specify pattern with the waveform file or the desired expression,
and Spin-Scenario will automatically assign each channel with
amplitude in Hz and phase in degree respectively. E.g. shapedRF
{channel = "1H|13C", width = 5, pattern = "shape.RF"} gen-
erates a 5 ms simultaneous, two-pulse shaped pulse on the 'H and
13C transmitters from external file. Moreover, in order to character-
ize shaped pulses, a time-frequency representation algorithm [19]
was introduced into the environment, which will be shown later.

The pulsed field gradients are most-often used in MR pulse
sequence either for spatial-encoding in imaging or rephasing
(selection) and dephasing (elimination) of a particular magnetiza-
tion transfer pathway in spectroscopy. This library offers trap-
Grad, shapedGrad and exprGrad to create three-axis gradients
from the typical trapezoidal type, custom defined pattern file and
mathematical expression individually. Taking trapezoidal gradient
as an example, it is efficient to specify both width and area of a
desired gradient, and the lobe shape will be automatically gener-
ated according to the peak gradient strength as well as the slew

rate of a specific gradient system. There is also a shortcut to build
imaging gradient waveforms such as frequency-encoding, phase-
encoding and slice selection by assigning an alternative func key
with read_out, phase_encode, and slice_select respectively.

The data acquisition block acq was designed for signal observa-
tion, which simulate the quadrature detection of the receiver in MR
scanner. For example, acq{np =1024, sw=1e4} performs 'H
acquisition, in which sw specifies the spectral width in Hz, together
with number of data points np, the total acquisition time can be
determined. Similar to the r.f. blocks, explicit nuclear isotope
should be appended to channel for other nuclei. Furthermore, it
is worth emphasizing that Spin-Scenario is able to perform more
complicated acquisition, any of interested density states can
be specified as the observer. For example, acq{np =1024,
sw = le4, observer = "2xI1zI2z"} can be used to acquire pro-
jection of the evolution state of spin system to the observation
state 2I1,1,,.

Phase cycling are commonly used for either selecting NMR sig-
nals that have certain properties of interest, while removing other
types of signal or suppressing spurious signals generated by imper-
fections in the spectrometer hardware. A readable phase cycle
table such as "xy-x-y" or {x,y,-x,-y} can be directly assigned
to the phase key in hardRF and acq blocks.

2.4.2. sequence assembly

In Spin-Scenario, each sequence always starts with a keyword
seq, followed by a pair of braces, containing the sequence body.
The sub-blocks are separated by default in the body via commas
or semicolons (s1). The concurrent or parallel block can be simply
assembled through an arithmetic operator +. E.g. rf + gz defines a
selective excitation event, and gx + gy + gz defines a simultane-
ous X/Y/z gradient event. The newly built concurrent blocks can
be directly inserted into any position of the pulse sequence (s2).
The sequence can be also written in multi-line style, which may
be intuitive for more sophisticated sequences.

local si
local s2

seq{dl, rf, acql}

seq{rf + gz,
gxPre + gyPre + gzReph,
gx + acq,
delay}

It should be noted that pulse sequences can be also nested
inside any other sequence, since they themselves are essentially
serial blocks. This feature allows the reuse of predesigned pulse
sequence templates, which may further improve the scripting
efficiency.

2.4.3. Arrayed experiments

Arrayed experiments are widely employed in both MR imaging
and MR spectroscopy. To this end, a simple and flexible loop syntax
is specially designed. Basically, the sequence repetitions include
both global and local loops. A specific block followed by a global
symbol # indicates a series of separate experiments is conducted,
with the block taking a set of different values. E.g. seq{rf901,
tau#, rfl180, tau#, rf90, acq} describes a modified INEPT
arrayed experiments where the S-spin signal is observed immedi-
ately after it has been transferred from I for a set of varied time in
delay block tau.

The above idea is also shared with phase cycling for r.f. pulses as
well as signal acquisition. Consider, for example, a suitable table
for the spin echo experiment seq{rf90#, t1, rfl180#, t2,
acq#} is given in Table 2. The phases for r£90, r£180 and acq
are "x", "xy-x-y" and "x-x" respectively, so the total number
of steps (n = 4) in the phase cycle is dominated by the maximum
cycle counts of all relevant blocks, while other blocks with smaller
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cycle number will repeat themselves during the complete
repetitions.

Further, to perform two-dimensional, three-dimensional or
higher-dimensional experiments in Spin-Scenario, the arraying
concept was generalized by assigning an additional cycle priority
behind the symbol #. Then the experimental hierarchy can be log-
ically divided into levels like outer level and inner level. Taking a
two-dimensional COSY sequence enclosing phase cycling [20] for
example, as shown in Fig. 1, each row of the data matrix is the
result of a complete set of phase cycled experiments, all with the
same value of t;, but with similar cycling of the phases ¢, , ¢,
and ¢ according to the phase Table 2. When acquisition of one
row is completed, the variable delay t; is changed, and the acqui-
sition procedure is repeated. The kernel script of this experiment
isthen seq{rf90#2, t1#1, rf180#2, acq#2}. The biggest priority
number always indicates the innermost loop, which represents the
phase cycling in this case.

For local loops definition within each TR repetition, e.g. multi-
echo acquisitions in EPI sequence s3, the symbol ~ is adopted to
represent the repetitive echo-train within the effective TE. Similar
to the symbol #, the local loop count is automatically determined
by the specific varied block gx.

local s3 = seq{rf + gz,
gxPre + gyPre# + gzReph,
delayl,
(gx + gy + acq)”,
delay2}

The syntax for pulse sequence programming is minimalism but
highly flexible. The isolated definition of individual blocks,
together with one-line assembly of sequence, offer a WYSIWYG
way of understanding the pulse sequence structure.

2.5. Optimal control

The primary goal of optimal control of spin system is usually to
maximize fidelity to desired state or unitary using optimized pulse
shape, with additional constraints associated with specific experi-
mental requirements (e.g., BO and rf inhomogeneity, rf power lim-
itation). There have been numerous methods for this purpose, and
the algorithms involved are mostly based on gradient methods,
such as GRAPE [21] and Krotov [22]. In order to quickly develop
different kinds of control strategies, we implemented a novel opti-
mization scheme based on Google’s TensorFlow [16], which sup-
ports building up computational dataflow graph for optimal
control problems as well as evaluating their gradients efficiently
via reverse-mode automatic differentiation. The above features
are well suited for solving rapid user-defined optimization
problem.

Fig. 2 shows the computational network graph for optimal con-
trol of spin system in the library. The r.f. control fields are dis-
cretized into N steps, each of which is sufficient small time step
Jt and the corresponding optimization is to minimize the custom
cost function. There are many cost function contributions [21,23]
such as state transfer ®,, unitary transfer ®,, r.f. amplitude
suppression ®, and intermediate forbidden state ®;, a linear

Table 2
A four-step phase cycle for a spin echo experiment.
Cycle counter rf90#:¢d, r£180#:¢, acq#ips3
0 0 0 0
1 0 /2 T
2 0 T 0
3 0 3n/2 T

Fig. 1. Illustration of two-dimensional correlation spectroscopy (COSY).

combination of them forms the total cost function ®. For simplic-
ity, the graph only shows the calculation of the loss functions
@y, O, and Os.

It is straightforward to define the custom cost function upon the
computational graph template by Python. When the final cost
function @ is ready, reverse-mode automatic differentiation of Ten-
sorFlow enables time evolution and cost function evaluation by
one forward sweep through the graph, and automatic calculation
of the full gradients 0®/ou by one backward sweep. The scheme
is particularly convenient for different user-defined optimizations,
because only the cost functions are required, without needing to
manually derive their corresponding gradients.

2.6. Utility tools

2.6.1. Time-frequency analysis of shaped pulses

Time-frequency analysis comprises those techniques that study
a signal in both the time and frequency domains simultaneously,
using various time-frequency representations, such as Wigner-
Ville, short-time Fourier transform (STFT) and wavelet transforms.
The time-frequency analysis of MR pulse shapes can help to under-
stand their underlying mechanisms of action [19]. To visualize

RF pulse: @ @

H9+1R xH, A,.f Ho+1R ~H pc

AR

—|5t —lét

TN
f : f f

Fig. 2. Graph model for optimal control of spin system. The graph can be resolved
into basic operations such as matrix multiplication, addition, matrix exponential,
trace, inner product, and absolute value, all denoted by circular nodes. TensorFlow
supports directly calculating the backward gradients (9®/0u). The further opti-
mization can be solved either by TensorFlow itself or third-party libraries such as
NLopt.
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both the magnitude and phase spectrogam of shaped or composite
pulses, we implemented a STFT-based approach, as demonstrated
in Eq. (3):

r 00

STFT(7, ) — / u(t)o(t — t)edotde 3)

—00
u(t) represents the complex pulse shape in which the real and
imaginary part are x and y components of r.f. field respectively,
and o(t) is the window function, commonly a Gaussian window
centered around zero. The usage script is readable as specgram
{rf, window = '"gauss'", wlen=128, overlap=0.96,
nfft = 1024}, in which window and wlen denotes the truncated
window shape and its width, overlap denotes the amount of over-
lap between neighbouring windows, and nf ft is for the number of
FFT points.

The tool is especially useful to reveal the hidden structures for
the seemingly random but highly optimized pulses, as demon-
strated in Section 3.3.

2.6.2. Visualization

It is essential that the Spin-Scenario offers necessary script syn-
tax to help visualizing pulse sequences including their individual
blocks, phantom models and simulation results, etc. Most of these
are developed based on gnuplot, a famous scientific plotting pack-
age, features include 2D and 3D plotting, a huge number of output
formats, interactive input or script-driven options, and a large set
of scripted examples. Specifically, a unique p1ot function was pro-
vided, e.g. plot(seq) shows an overall perspective of a specific
pulse sequence, while plot(rfl, rf2, gx) will display a list of
given sub-blocks (such as r.f. and gradient pulses) in detail respec-
tively. Note that in the latter case both order and number of the
block inputs are unlimited. The 1D or 2D simulation results can
be also visualized with p1ot, which offers user a great deal of flex-
ibility and freedom to produce high quality figures for publication.

3. Examples
3.1. Spectrum of acrylic acid

The Spin-Scenario was developed to provide the community an
intuitive, flexible and unique scripting environment for rapid pro-
totyping. For this purpose, the scenario script concept was fully
employed. Here we demonstrate a simple spectrum acquisition
of acrylic acid, in which the chemical shifts of the three proton
nuclei are w; = 0, w, = 88.42, w; = 214.9 Hz on a 500 MHz spec-
trometer, and the coupling constants between protons are
J1 =104 Hz and J;; = 1.2 Hz and J,; = 17.4 Hz respectively. In
general, a completed spin scenario includes at least three parts:
spin system generation, pulse sequence assembly and the final
experimental study. The minimal script is as follows:

-- scenario A: spin system generation.
BO{"500 MHz"}
local acrylic =spin_system{
spin ="1H 1H 1H",
zeeman ="2 scalar 88.42 Hz
3 scalar 214.9 Hz",
jcoupling ="1 2 scalar 10.4 Hz
1 3 scalar 1.2 Hz
2 3 scalar 17.4 Hz"
}
-- scenario B: pulse sequence assembly.
local rf45 =hardRF{beta =45}
local adc =acq{np =1024, sw =500}

local fid =seq{rf45, adc}
-- scenario C: experimental study.
local result =run{exp =fid, spinsys =acrylic}

As long as the spin system and the experimental pulse sequence
are well prepared, the simulation task can be done by readily
applying run command, and then all data will be either preserved
in memory for ongoing process or stored into HDF5 files for further
processing by Matlab or others.

Fig. 3 shows that the simulation spectrum agrees well with
experiment result. The doublets generated between spin 1 and spin
3 are imperceptible in the experimental spectrum due to their
smaller coupling constant (1.2 Hz) and the relaxation broadening.

3.2. Multidimensional spatially selective excitation MRI

Multidimensional spatially selective pulses [24,25] are used in a
variety of MRI applications for excitation, saturation, inversion and
refocusing. By simultaneously applying a time-varying selection
gradient and an r.f. waveform during excitation, imaging in a
reduced field of view can be realized. The gradients define a trajec-
tory through k-space, and, by depositing r.f. energy at discrete loca-
tions in k-space, a specific excitation pattern in the spatial domain
is produced [26,27]. For the purpose of demonstration, a two-
dimensional selective excitation pulse is adopted to excite a cylin-
der slice within the MIDA phantom [28], of which the voxel- and
the surface-based versions of the models are freely available to
the scientific community. The gird size of the phantom is
480+480+350, with a spatial resolution of 0.5 mm.

Generally, necessary global declarations for the system limits
such as static field strength, peak gradient strength and the slew
rate should be firstly added to the script.

BO{"3T"}
peak_grad{40} -- mT/m
slew_rate{200} -- T/m/s

Hz

250 200 150 100 50 0 50

(a) Simulation spectrum of acrylic acid model.

T T T T T T T
250 200 150 100 50 0 -50 Hz

(b) Experimental spectrum of acrylic acid.

Fig. 3. Experimental and simulation of acrylic acid.
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For the k-space trajectory, a constant-angular-rate spiral that
ends at the origin is chosen to refocus the slice automatically. This
k-space trajectory can be written as [25]

ki (t) =A(1 — £)cos 22t

, (4)
(1) = A(1 —fsint

where n represents cycle number in the spiral in duration T, and A
determines the size of the spiral in spatial frequency. The corre-

sponding gradient waveforms can be calculated by G(t) = %l'((t), S0

it is straightforward to generate the two gradient waveforms via
exprGrad as below, the gradient shapes of 10 ms with n =8 are
shown in Fig. 4(a).

local gxRf = exprGrad{axis ="X", width =8, expr =
"D(t) 1e6/gammalH*40%(1-t/10)*Cos (2*Pi*8x*t
/10)"} -- mT/m

local gyRf = exprGrad{axis ="Y", width =8, expr
"D(t) 1e6/gammalH*40% (1-t/10)*Sin (2*Pi*8x*t
/10)"} -- mT/m

The required selective r.f. waveform 1is given by
Bi(t) = W(K) | yG(t) |, in which W(K) is a spatial frequency weight-
ing function whose Fourier transform is the desired localization.
For this case, a circularly symmetric Gaussian function
e (K+K)/4 can be used, where x determines the spatial resolu-
tion of the selective volume. The r.f. waveform is further scaled
to the desired flip angle. The final selective pulse can be directly
created by shapedRF:

amplitude / mT/m

[

time / ms

(a) Gradient waveforms that produces the k-space trajec-
tory with n = 8 in Eq. 4.
10
8

7

amplitude / Hz

0 1 2 3 4 5 6 7 8 9 10
Time / ms
(b) The two-dimensional selective r.f. pulse that will pro-
duce a cylindrical Gaussian weighting of k space when
applied with the gradient waveforms in 4a.

Fig. 4. The two-dimensional spatial selective r.f. pulse and the correlative gradient
waveforms for the spiral k-space trajectory.

local rf =shapedRF{width =10, step =500, beta=20,
pattern ="40/10*%Exp (-2"2%(1-t/10) "2)*Sqrt ((2
*Pi*8x (1-t/10))"2+1)"}

The two-dimensional selective excitation pulse sequence is
illustrated in Fig. 5 and its vital script is as below:

seqParam{fov ="240%240", matrix ="256%256"}
local SpSel =seqf{rf + gxRf + gyRf, di, rfi80 +
gzSlice, gxPre + gyPhase#, gxRead + adc, d2}

local result =run{exp =SpSel, phantom ="mida.h5"}

The procedure is similar to the previous spectrum acquisition,
except for specifying a phantom model instead of the spinsys.

When the two-dimensional selective excitation (rf + gxRf
+ gyRf) is applied to the x and y axes, a cylinder along the z axis
will be excited. A slice of this cylinder can be further selected using
a slice-selective 180° refocusing pulse (rf180 + gzSlice), and
finally the localized volume can be imaged by conventional imag-
ing sequence. A comparison of images produced by both the spatial
selected sequence and the spin echo sequence are described in
Fig. 6.

3.3. Cooperative pulses optimization for pseudo-pure state preparation

Cooperative pulses [29] are simultaneously optimized pulses
that compensate each others imperfections, a promising alterna-
tive to conventional phase cycles in many multi-scan experiments.
Similar to the previous single pulse optimization scheme, we have
implemented a multi-scan cooperative pulses optimization
scheme for general coupled spin system.

To demonstrate, we optimized a 7-scan cooperative pulses for
three-qubit pseudo-pure state preparation in [30]. The pseudo-
pure states have been widely used as initial states in NMR quan-
tum information processing experiments. As the starting point,
the fidelity of the initial state preparation is critical for quantum
computation. For a three spin system (spins denoted as I;,I; and
I3), the traceless part of the initial thermal equilibrium state is
ILi; + L, +13, and the projection operator [} (If =11+I;,
i=1,2,3) is corresponding to a pseudo-pure state, the desired
preparation state is then {515, which can be expressed as a sum
of following eight terms: I, + Ip, + Iz, + 2I1.0p, + 2I1.13,+
2122131 + 411z12213z + %1-

Here we choose !3C labeled alanine as the sample for the exper-
imental pseudo-pure state preparation. The chemical shifts of the
three carbon nuclei are w; = 15.74, w, = 0, w3 = 4.302 kHz on a

—

1
L

Gy [;l

Acqg | I

Fig. 5. The two-dimensional selective excitation pulse sequence.
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100

200

100

(b)

Fig. 6. Images resulted from the spatial selected pulse sequence and the conven-
tional spin echo pulse sequence. (a) The two-dimensional selective excitation had a
duration of 10 ms, and a peak gradient amplitude of 4.5 mT/m. The r.f. was scaled to
produce a 20° tip angle. The field of view is 24 cm, and the diameter of the selected
volume is approximately 6 cm. (b) T;-weighted image generated by the conven-
tional spin echo pulse sequence (TE = 10 ms, TR = 350 ms) with the same field of
view.

500 MHz spectrometer. The coupling constants between carbons
are J,, = 54.2 Hz and J,; = 35.4 Hz. By setting the pulse duration
and the number of pulse scans, a set of COOP pulses can be readily
optimized with the following script snippet.

local sys = spin_system{
spin ="13C 13C 13C",
zeeman ="1 scalar 15.74 kHz

3 scalar -4.302 kHz",
jcoupling ="1 2 scalar 52.2 Hz
2 3 scalar 35.4 Hz"
}
local oc = multi_rf optimizer (sys)
local multi_rf =oc:optimize{
ncoop =7, width =18.5, step =1850,
init_state ="I1z+I12z+I3z",
targ_state ="I1z+I2z+I3z+2%11z12z2+2%I11zI3z
+2%12zI13z+4*11212213z"}

oc:projection{init_state ="I11z+I12z+1I3z", rf =
multi_rf, observ_states ={"Ilz", "I2z", "I3z"
"2xI1zI2z", "2%I1zI3z", "2xI2zI3z", "4%*

I1zI2zI3z"}}

We also provides a similar projection function to observe the
evolution trajectory components of the average normalized state
p(t) within the cooperative pulses, clearly indicating that the
desired average pseudo-pure state is prepared, as shown in Fig. 7.

The optimized COOP pulses shown in Fig. 8 seem to be random
but highly modulated. With the benefit of specgram function, it is
obvious that the COOP pulses contain three frequency positions
corresponding to the chemical shifts of each spin, as shown in
Fig. 9.

4. Discussion

Spin-Scenario internally used quantum formalism of spin
dynamics to make it compatible with different applications. The
major cost of the simulations is dominated by the processing of
time evolution of the spin system, and thus normally approximat-

ing the matrix exponential e’ia*i“ At for the propagators at each
time step. However, the exponential of a sparse matrix is generally
full, so it is not practical especially when the sparse Hamiltonian
matrix is large. In Liouville space, we directly calculate the action

of matrix exponential on the state vector e’iﬁ*iR)Afp, which leads
to considerable cost reduction. Moreover, for cases like constant
Hamiltonians during acquisition, the intermediate states on the
equally spaced grid of acquisition points can be efficiently pro-
duced [31], thus it could reduce computation load by a substantial
margin.

To compare the performance of the above time evolution algo-
rithms, benchmark tests were done with a FID acquisition
sequence for a set of 1H spin systems ranging from 1 spin to 7
spins. All tests were performed on a PC with Intel Xeon(R) CPU
E5-2690 v3, 2.60 GHz, 64 GB RAM, running Ubuntu 16.04. Fig. 10
indicates that the computational time can be dramatically reduced
with the two improvements even only one thread was used
through out all the tests.

The package also supports computing with OpenMP paral-
lelism, which can further accelerate the computing within a
multi-core PC. Fig. 11 shows another benchmark testing on spin
echo sequence for 20 thousand 1H spins using the OpenMP paral-
lelism, it should be noted that the linear speedup is difficult to
achieve because more threads introduce a certain amount of
overhead.

One of major developments of the package is still to improve
computational efficiency for larger spin system in NMR and huge
spin ensemble in MRI. Advanced improving methods include utiliz-
ing massively parallel multiprocessing on GPUs like CUDA and MPI
on computer clusters. Furthermore, using the reduced subspace to

Trajectories of the individual states of interest

0.7
2*11zl2z
2*11z13z
0.6 2*12213z
4*11z12z13z
Mz
12z
05 13z
0.4 R
03 /
0.2
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oA
-0.1
0 2 4 6 8 10 12 14 16 18 20

pulse duration / ms

Fig. 7. Magnetization trajectories of the individual states of interest in the average
normalized state p(t). Initially, p(0) (thermal state) contains only the first three
terms with identical coefficient %, then their corresponding weights decrease while
the weights of the remaining four terms increase, and the weights of all terms
approach % at the end of the pulse duration.
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Shapes of 7-scan COOP pulses

200
N
T 100
[}
El 0
g -100
©
-200 - scan1 scan 2 scan scan 4
0 51015 0 5 10 15 0 5 10 15 0 5 10 15
time / ms time / ms time / ms time / ms
200 Uy —
N Uy —
T 100
[
3 0
g 100
©
-200 |-scan 5 scan 6 scan 7
0 51015 0 5 10 15 0 5 10 15
time / ms time / ms time / ms

Fig. 8. The time domain shapes of 7-scan COOP pulses (x,y components).

Spectrogam representation of the 7-scan COOP pulses (magnitude mode)

15— OV,
T 10
~
- 5
3
c 0 1 -
o —
2 -10
-15 scan3
-20 -
51015 5 10 15 5 10 15 5 10 15
time / ms time / ms time / ms time / ms

20
15
10
5

0
-5
-10

&

frequency / kHz

15 (R scan 6 [~scan 7

-20
5 1015 5 10 15 5 10 15
time / ms time / ms time / ms

Fig. 9. The time-frequency STFT representation of the 7-scan COOP pulses.

Benchmark testing for different time evolution approaches
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Fig. 10. Benchmark histogram for three time evolution methods (1) conventional
matrix exponential (expm); (2) direct calculation of the action of matrix exponen-
tial on the state vector (expmv); (3) with addtional intermediate states calculation
on the equally spaced grid of acquisition points (expmv-span). The parameters for
the FID sequence are 45° flip angle, 4096 sampling points with 10 kHz bandwidth.
All the linear algebra of matrix operations are based on Eigen [32], a fast C++
template library.

calculate operators [33,34] could also remarkably decrease the
computational time. Other future developments include enriching
pulse sequence library, exporting pulse sequences to MR scanner,
launching Spin-Scenario cloud version, etc.

Performance test with OpenMP parallelism
300

250 .\

200

100 \'

50 o

elapsed time / s

'_"0"‘*—0—0\.__.\'

0 5 10 15 20 25 30 35 40 45 50
number of threads

Fig. 11. The speedup performance with different thread number. The parameters
for the SE sequence are TR 100 ms, TE 10 ms, 256 sampling points with 25 kHz
bandwidth.

5. Conclusions

In this paper, a package Spin-Scenario is described which pro-
vides a unique scripting environment to cover many aspects of
MR simulations in both imaging and spectroscopy. The experimen-
tal scenarios can be conveniently written and simulated within a
Lua-based script, which includes lots of commonly used modules
such as spin system definition, pulse sequence programming, sin-
gle or multi-pulse optimization, and shaped pulses characteriza-
tion. Specially, the pulse sequence programming syntax is easy,
intuitive and flexible for rapid-sequence prototyping. In combina-
tion with the general Liouville space computing model, this pack-
age can be very powerful and productive for the research
community.

Spin-Scenario is provided as an open-source project, and will be
continuously developed for highly usability as well as high-
performance.
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