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1. Introduction

Hundreds of pulse sequences have been proposed, analyzed
and used in the many kinds of NMR experiments developed
over the years. The numbers continue to increase. The mod-
ularity of pulse sequences invites the application of symbolic
calculation to their construction. MATHEMATICA and MAPLE have
been used in product operator analysis [1, 2, 3], and in other
NMR work listed in [4].

Here, we report our ApseQ package that focuses on the rep-
resentation, modification and combination of pulse sequences,
and the construction of pulse sequence diagrams. We are ex-
ploring interfaces with packages for product operator analysis.
APSEQ is built on the principles of the maTHscaPE package that
has been used primarily to construct mathematical formulas for
chemical computations, and in studies of mathematical reason-
ing [5, 6]. ApPseq abbreviates “analogy in pulse sequence (con-
struction)”.

§2 and §3 list the ApsEQ conventions systematically, by refer-
ence to examples of their usage. §4 draws attention to the prin-
cipal MATHEMATICA and MATHSCAPE commands that facilitate the
construction of large sets of inter-related pulse sequences from
concise input. §5 discusses possible extensions of this work.
Supplementary material explains further examples [7], altering
details of the diagrams [8], and the implementation [9]. The
distribution file contains the aApseQ software and control files to
check its operation. [10].
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2. The basic APSEQ conventions

APSEQ notation represents, overall, a sequence of events that
may consist, individually, of concurrent subsidiary events. The
refocused HETCOR sequence (Fig. 2.1) provides a simple il-
lustration. To experiment with the software in a uNIX envi-
ronment, type math to start a MATHEMATICA session. Then type
<<apseq.m to load the software. The next statement produces
Fig. 2.1.

draw[pulseSeq[HETCOR, refocused] =
{channels[H1, C13], {pulse[90], }, delay[t1/2],
{, pulse[180]}, delay[t1/2], delay[1/(2D)],
pulse[90], delay[1/(31)],
{decouple, acquirel}[taql}]

In maTHEMATICA, square brackets [ ] contain arguments of a
function or qualifications of a name, and curly brackets {} con-
tain the elements of a list. ApseQ converts the draw statement
into a pdf file that is brought into a IATEX document, such as the
present paper, by an \includegraphics command. Hence Fig.
2.1.

This example illustrates the following conventions.
C1: A pulse sequence is represented by a list of items that
specify pulses, delays and other components.
C2: A channels[...] item usually begins the list. This
provides names for the channels and, implicitly, how many
there are. APSEQ recognizes mnemonics for isotopes and other
chemical entities e.g. H1, C13 and Calphal3 for 'H, 3C and
13C® and Gz for the gradient channel.
C3: delay [7] specifies a delay 7. The symbols t1, t2, ..., are
displayed as t1, f», . ... Greek letters are specified by name, e.g.
pi, phi and Delta. Subscripts are typed immediately after
these, e.g. taum for 7,,.
C4: The pulse B delivered concurrently on all channels with
phase ¢ is denoted by the expression pulsel[f,¢] at the
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Fig. 2.1. Refocused HETCOR.

outermost level of the overall list. The 77 item in the pulse
sequence under current consideration is an example. The phase
can be explicit +x, +y or, in a phase cycled sequence, symbolic,
eg Y.

CS5: Different concurrent events on different channels are
listed between curly brackets e.g.  {pulse[90], } and
{, pulse[180]} represent a 90° pulse on channel 1 and a
180° on channel 2, respectively, with null action in the channel
that is not receiving a pulse. Correspondingly, concurrent
907 and 905 pulses on the I and S channels are denoted
by {pulsel[90, yl, pulse[90, x]}. In general, different
concurrent events for an n-channel experiment are depicted by
a list of n items, some of which may be null, between curly
brackets.

C6: Further common elements of pulse diagrams are denoted
by acquire, decouple, spinLock and gradientPulse. The
repertoire is being extended.

C7: Square brackets, following a list of concur-
rent events, enclose their common duration, as in
{decouple, acquirel}[taq].

C8: apseqQ provides defaults for the relative placement of the
channels, and the lengths of the lines that depict pulses, delays
and other events. These can be altered by assigning new values
[8].

C9: The statement draw [pulseSeq[name] = {...3}] assigns
name to the list that represents the pulse sequence, as well as
drawing it.

C10: This single statement can be split into the two statements
pulseSeq[name] = {...}; drawPulseSequence [name]
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Fig. 2.2. Gradient assisted INEPT.

C11: The output is a postscrIpT file when MATHEMATICA release
5.2 or earlier is used. It is a ppF file when release 6 or 7 is
used. The file is called name’.ps or name’ .pdf in these two
cases, where name’ is formed from name by eliding spaces and
substituting _ for each comma.

Fig. 2.2 is produced by the next statement. It illustrates
convention C12.

draw[pulseSeq[INEPT, gradientAssisted] =
{channels[H1, C13, Gz], {pulse[90], 1},
delay[1/(43)], pulse[180, x], delay[1/(4])],
{pulse[90, x],}, gradientPulse[5 s],
{, pulse[90, yl},{, acquire}[taql}]

C12: gradientPulse[g] specifies a gradient pulse with
strength g. Putting s after the strength when the precise value
does not matter suppresses the label.

Fig. 2.3 is produced by the next statement, covered by C1-C4
and C6. It is the basis of several further examples in §4.

draw[pulseSeq[2D, TOCSY] =
{channels[H1], pulse[90], delay[ti1],
spinLock[taum], acquire[t2]}]

C13: Including the argument notes [sy, s5,...] at the end of a
drawPulseSequence expression displays the character strings
s; on successive lines at the foot of the diagram. Thus, Fig. 2.4
is produced by

pulseSeq[2D, HSQC, basic] =
{channels[H1, N15], {pulse[90], }, delay[Deltal,
pulse[180], delay[Deltal, pulse[90], delay[ti/2],
{pulse[180], }, delay[t1/2], pulse[90],
delay[Delta], pulse[180], delay([Deltal,
{acquire, decouple}[t2]}

drawPulseSequence[2D, HSQC, basic,
notes["Delta = 1/(4J), J = J[1, NH]"]]

C14 (phase cycling): To explain the ApseQ commands for phase
cycling, we consider the pulse sequence

pulseSeq[short] =
{channels[H1], pulse[90,phil], delay[t], acquire[taql}
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Fig. 2.3. Basic 2D TOCSY.
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Fig. 2.4. Basic 2D HSQC.

The wmatHEMATICA language supports expressions such as
fx1, x2][yl, y2, y3], often called “Curry notation”. We
represent a phase cycled experiment, in this notation, by
phaseCycle["..."][...], where the first ... stands for the
phases in successive cycles, and the second ... stands for the
pulse sequence. We use a name of the form phaseCycledl[...]
for the complete expression, as in the second statement that fol-
lows

phaselist =
"phi = x, y, -X, -y; receiver = -y, x, y, -x"

phaseCycled[explanatory] =
phaseCycle [phaseList] [pulseSeq[short]]

The names in square brackets, in this case explanatory,
phaseList and short, are the user's choice. The statement
drawPhaseCycled [explanatory] draws the pulse sequence and
displays the cycling information at the foot of the diagram.
The expand [] function makes the multi-step sequence explicit.
Thus

phaseCycled[explanatory] // expand[] =>

{channels[H1], pulse[90, " x"], delayl[t],
acquire[taq], pulse[90, " y"], delayl[t],
acquire[taql, pulse[90, " -x"], delayl[t],
acquire[taql, pulse[90, " -y"], delay[t],
acquire[taql}

In MATHEMATICA, Xx//f is an alternative way of writing f[x].
Repetition factors and implied repetition can be used in the cy-
cling specification, as in the 32-step phase cycle for the 'H-'>C
CT-HSQC experiment.

forCTHSQC =
"phil = x, -x; phi2 = 8(x), 8(-x);
phi3 = 2(x), 2(y), 2(-x), 2(-y);
phid = 16(y), 16(-y);
receiver = 2(x, -x, -x, x), 2(-x, x, x, -x)"

The expression phaseCycled[...]//expand[n] truncates the
experiment to n cycles. Omitting n gives the complete expan-
sion, as above. n should be a multiple of 4. Explicit phase cy-

cle specifications can be altered by the simple list editing com-
mands (see C20).

3. The editing commands

C15 (Simple replacement): In MATHEMATICA, U /. a => b
substitutes b in place of every occurrence of a in u. Consider
the COSY-B module of a nhase cvcline seauence

pulseSeq[COSY, betal] =
{pulse[pi/2, phill, delay[t1], pulse[beta, phi2]}

This is made specific to the COSY-35 sequence by

pulseSeq[COSY, 35] =
pulseSeq[COSY, betal /. beta -> 35

Correspondingly, decouple is made more specific by
/. decouple -> GARP and /. decouple -> WALTZ16.

C16 (Multiple replacement): In mMATHEMATICA, u /. {a; —>
by, ay => by,... } substitutes b; in place of every occurrence
of a;, b, in place of every remaining a, and so on. For ex-
ample, in the implementation of the phase cycling notation,
unitOfRepeat /. {phil->x, phi2->-x, receiver->x} sets the
specified phases to x, —x, x,

C17 (Sequence replacement): In the MATHSCAPE conventions,
u/. a-> sequencelp,q,...] replaces each occurrence of a by
the specified sequence, with the punctuation shown by the pro-
totypes:

{a,b,c} /. b -> sequencelp,q] => {a,p,q,c}
{a,b,c} /. a -> sequencelp,q] => {p,q,b,c}
{a,b,c} /. ¢ -> sequencelp,q] => {a,b,p,q}

This feature is used to put a sandwich pulse in place of the in-
version pulse in a DEPT experiment by

pulseSeq[DEPT] /. pulse[180,x] ->
sequence [pulse[90,x], pulse[180,y], pulse[90,x]]

C18 (Insertion): The basic 2D HSQC pulse sequence, shown
in Fig. 2.4, is converted to the corresponding TOCSY sequence,
shown in Fig. 3.1, by inserting a TOCSY spin lock on the pro-
ton channel before acquisition. The next two statements con-
struct the TOCSY sequence and draw it, respectively.
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Fig. 3.1. Basic 2D HSQC TOCSY.
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Fig. 3.2. 2D gradient selected HSQC.

pulseSeq[2D, HSQC, basic, TOCSY] =
pulseSeq[2D, HSQC, basicl //
insert[spinLock[taum], on[H1], before[acquire]]

drawPulseSequence [2D, HSQC, basic, TOCSY,
notes["Delta = 1/(4J), J = J[1, NH]"]]

APSEQ supports several insert commands that are covered by
the syntax

insert [uy, uy,...,

on[channelName(s)] , {before|in|after}[key, count]] [{]

Each u; is either an elementary pulse sequence item (e.g.
pulsel...]), or spinEcho (the repertoire of such higher level
elements is being extended), or a MATHEMATICA replacement
a->b. The count can be omitted when it is 1. Also, the channel
specification G, can be omitted when inserting a gradient pulse.

C19 (Composition): The command pipe [u;, u,,...] carries out
the actions uy, u,, ..., in succession. Consequently, Fig. 3.2 is
produced by:

pulseSeq[2D, HSQC, gradientSelected] =
pulseSeq[2D, HSQC, basic]l //
pipel
insert[gradientPulse[10], in[delay[t1/2], 211,
insert[gradientPulse[-1], in[delay[Deltal], 31]]

drawPulseSequence [2D, HSQC, gradientSelected,
notes["t1/2 > gradient pulse"]]

C20 (Simple list editing): When m is an integer, the MATH-
scapE command insert [u, m] [£] inserts u at position m in £,
and delete [m] [£] deletes the m™ element of £. Several more
list editing commands are described in [5].

C21 (Pulse trains): The representations of compos-
ite pulses are generated by elementary MATHEMATICA
commands that operate on lists, wrapped in simple

APSEQ functions. attachCopy converts {{i,...,{,} to
{€r,..., 6, ¢1,..., €, ). attachInverse converts {{i,...,{,}
to {€1,...,€n —C1,..., =€y, }. coalesce converts consecutive

+1,+2 to £3 and #3,+1 to +4. WALTZ-4, 8 and 16 are
produced, using these, by

RRRbRb = {R} // attachCopy // attachInverse
waltz4 = RRRbRb /. R -> {1, -2, 3} //Flatten
Rp = waltz4 // Rotateleft // coalesce
waltz8 = Rp // attachlInverse

waltzl6é =
waltz8 // RotateRight // attachInverse // coalesce

Actions that join (i) a list and (ii) a result of modifying its
elements by symmetry operations, are of key importance in
Levitt's construction of multiple pulses by analogy to frieze pat-
terns [11].
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Fig. 4.1. 2D gradient selected HSQC TOCSY.

4. Constructing a batch of pulse sequences

C22 (Analogy): There is an extensive and growing literature
on the recognition and use of analogy in mathematics, science
and the humanities. The particular aspect that we use in pulse
sequence construction is illustrated by the next statement. The
infrastructure is discussed in [5, 6].

adaptAssignmentOfPulse [2D, HSQC, basic, TOCSY,
by[basic -> gradientSelected]]

This produces the following intermediate result, and the state-
ment after it produces Fig. 4.1.

{channels[H1, N15, Gz], {pulse[90], Nulll},
delay([Delta], pulse[180], delay[Delta], pulse[90],
delay[t1/2], {pulse[180], Null},

{delay, delay, gradientPulse[10]}[t1/2], pulse[90],
{delay, delay, gradientPulse[-1]}[Deltal,
pulse[180], delay[Deltal,

{spinLock, Null, Null}[taum],

{acquire, decouple}[t2]}

drawPulseSequence[2D, HSQC, gradientSelected, TOCSY]

C23 (Mapping): The command that produced Fig. 4.1 is ex-
tended to the production of the variations of 2D HSQC TOCSY
that correspond to three variations of HSQC, by two further
features of marHEMATICA called “pure functions” and “mapping”
[12]. These are combined in the prototype statement

fl#1& /@ fa. b. c} {flal. flbl.

=> flcld

The £ [#]& acts as a template for the successive items of a list.
These are constructed by substituting the successive items in the
list {a, b, c} in place of the # and dropping the & A MATHE-
MATICA expression that contains # and has & at the end is called a
“pure function”. It corresponds to a A-expression in mathemat-
ical logic, that is often called an “anonymous function”. The
operation performed by the /@ symbol is called “mapping”.
The pulse sequence statement that is described next is also a
“compound statement”, i.e. a succession of statements, that can
stand alone, contained in parentheses. An elementary example
of mapping is

(£[#] = #+2; Print[£f[#11)& /0@ {x, y, =z}
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Fig. 4.2. Basic 2D TOCSY HSQC.
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Fig. 4.4. Basic 3D TOCSY HSQC.

This prints x+2, y+2, and z+2 on three successive lines. In a
similar fashion, the representations and the posTscript files for
three variations on the basic 2D HSQC TOCSY are produced
by

(adaptAssignmentOfPulse[2D, HSQC, basic, TOCSY,
by [basic -> #]];

drawPulseSequence[2D, HSQC, #, TOCSY])& /@
{gradientSelected, editedGradientSelected,
gradientEnhanced}

This reproduces the gradient selected pulse sequence shown in
Fig. 4.1 and the apseqQ expressions and the diagrams for the
edited gradient selected and the gradient enhanced pulse se-
quences shown in [7], which gives all the relevant details.

The combination of the pure function, map and compound
statement features of MATHEMATICA open up further ways to sys-
tematize the construction of pulse sequence diagrams. Thus,
the next two statements construct the 2D TOCSY HSQC pulse
sequences that correspond to the HSQC TOCSY variations that
are considered above.

hsqcList =
{basic, gradientSelected, editedGradientSelected,
gradientEnhanced}

(pulseSeq[2D, TOCSY, HSQC, #] =
pulseSeq[2D, HSQC, #] //
insert [spinLock[taum], on[H1],
before[delay[Deltal, 111;
drawPulseSequence[2D, TOCSY, HSQC, #])& /@ hsqcList

Hence Fig. 4.2 for the basic 2D TOCSY HSQC pulse sequence
and three variants shown in [7]. The prescriptions for the 2D
HSQC TOCSY sequences are converted to 3D by changing #,
to t3, inserting a spin echo before the spin lock and, to make
these 3D experiments, changing the spin echo time to #, from
the default ¢,.

1list[3D, HSQC, TOCSY] =
(pulseSeq[3D, HSQC, #, TOCSY] =
pulseSeq[2D, HSQC, #, TOCSY] //
pipe[insert [spinEcho, on[N15],
before[spinLock]], t2 -> t3, te -> t2];
drawPulseSequence [3D, HSQC, #, TOCSY])& /@ hsqcList

This produces the diagram for the basic 3D HSQC TOCSY (see
Fig. 4.3), and the diagrams for the three variants in [7]. The 2D
TOCSY HSQC prescriptions are converted to the 3D prescrip-
tions in a similar way by

list[3D, TOCSY, HSQC] =
adaptAssignmentOf [1ist [3D, HSQC, TOCSY],
by [sequence [HSQC, #, TOCSY] ->
sequence [TOCSY, HSQC, #11]
=>
list[3D, TOCSY, HSQC] =
(pulseSeq[3D, TOCSY, #, HSQC] =
pulseSeq[2D, TOCSY, #, HSQC] //
pipelinsert [spinEcho, on[N15],
before[spinLock]]l, t2 -> t3, te -> t2];
drawPulseSequence [3D, TOCSY, #, HSQC])& /@ hsqcList

This produces the diagram for the basic 3D TOCSY HSQC
(see Fig. 4.4) and the diagrams for the three variants in [7].

5. Discussion

The production of diagrams is the most conspicuous feature
of this paper. Looking to the future of increasingly automated
design and execution of experiments, we believe that an even
stronger role of apseqQ will be in mechanizing the construction
and analysis of large numbers of pulse sequences systematically
from concise input. This could well be part of a trend that is
paralleled in other areas of science.

APSEQ provides a notation to represent concurrent events, that
comprise successive stages which occur consecutively in time.
The notation includes features that express analogy in the con-
struction of pulse sequences. The notation suggests further fea-
tures to support “natural” ways of expressing requirements. The
design of the software allows several kinds of extension. In
particular, we are working on an interface with Glintert's poma
package. A product operator analysis requires more informa-
tion than is needed to draw pulse sequence diagrams. This will
be put in by insert commands. We paraphrase his Iz//a
//ay ... expression into I1z//pipelay, a,...] (C19 explains
pipe).

Also, focusOnlij,cy, iz, ¢3,...]1, where iy, ip,... specify
items in a pulse sequence, and ¢y, ¢p,... are comments, will
be allowed as a further argument of the draw command, to put
explanatory text between arrows above individual stages of a
pulse sequence. (This is in response to a referee's suggestion.)

The work in this paper was started in the hope of finding ap-
plications of mechanized analogy and adaptation at higher lev-
els than discussed in Section 4. We offer two speculative
suggestions for the future.
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1. NMR experiments that cyclically make measurements us-
ing one or more pulse sequences, analyze the results to
determine algorithmically how these should be changed to
proceed with an investigation, and make the changes me-
chanically. This would be in the spirit of the laboratory
automation that is developing in the field of proteomics
[13].

2. Using analogy to choose pulse sequence by reference to
the chemical moieties being sought, suspected or found.
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