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Information storage and database search are attractive areas in the field of nuclear magnetic resonance.
Among the notable works reported earlier, an implementation of a parallel search algorithm in a dipolar
coupled spin cluster has gained considerable attepfioKhitrin, V. L. Ermakov, and B. M. Fung, Phys. Rev.

Lett. 89, 277902(2002]. In this paper, we propose and exemplify that spatial encoding can be successfully
utilized in realizing such parallel algorithms. We also introduce an improved protocol of the parallel search
algorithm, which can be realized using spatial encoding. The methods have been demonstrated to perform a
search operation using 215 bits.
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I. INTRODUCTION ing to the structure of the binary array, that is, the harmonics

Information storage and database search have been acti\c/gnstltu_tlng the “m"ultlfrequency pulse are chosen accot‘d[pg
tR the bit valueg“1” means the harmonic is present, and “0

areas of research in the last couple of years. It has beemeans it is absentSuch a multifrequency pulse excites the
shown by various research groups that nuclear magnetic 9 y P

resonancéNMR) spectroscopy can be used to realize vari-Z?;C'f'E:rthcriset\gggS; agggn;:g:cinggdei\s/et:ebenélrr“e;n_t;llnary
ous aspects of information processii@—9]. Recently, Y- P 9 y

Khitrin et al. demonstrated that a dipolar coupled spin clustera;tg‘svghldezﬂmi agg;lm@tr:?cnh (;frearj:ﬁ'zees d gﬂ_zh;f:(:)?lgulti-
can not only store an information array of large dimension? gate, y

but can also be used to search for a specific pattern in ‘gequency DUISG.S on this enpodeq binary arfag]. This
binary information arra§10—12. The concept of spatial en- method along with an alternative simpler method for parallel

coding was proposed in the 1950K3]; however, this tech- Zearcnl on a spatially encoded binary array are detailed in
nique has gained significant attention recently as a tool to ec. il
enhance the acquisition speed of multidimensional NMR
[14]. The use of multifrequency excitation to speed up
higher-dimensional spectroscopy has also been suggested We shall assume that the sample contains only one type of
[15]. Recently, we introduced a method of NMR photogra-magnetically active nucleus. In the presence of a linear gra-
phy which relies on spatial encoding involving a multifre- dient, the Larmor frequency of the nucleus can be expressed
quency excitation and subsequent acquisition under a gradas

ent [16]. Here we demonstrate that the spatial encoding

technique in conjunction with the multifrequency pulses can »(2) = 1B+ G2), (1)

also be us_efL_JI in realizing parallel s_earqh algorithms_. where y is the gyromagnetic ratio of the nuclew®, is the

The principle of spatial encoding involves radio fre- static magnetic field alongdirection,G is the magnetic field
quency(rf) excitations at one or multiple frequencies in the gradient strength in tesla per meter, anid the distance of a
presence of an inhomogeneous magnetic field, which can B&yint of the sample from the center of the sample. It is as-
realized with the help of a linear magnetic'field gra'dient. Thesymed that the origin of the gradient coincides with the cen-
sample can be a small molecule that gives a single peaker of the sample length. It is evident from the preceding
such as HO, CHCE, or tetramethylsilangTMS). In the  gquation that in the presence of a gradient, the spectrum
presence of a linear gradient, the spectrum becomes Unkecomes broad and since the frequency is a linear function of
formly broad. A multifrequency rf pulse, when applied undergample height, the spatial distance is mapped onto the spec-
gradient, excites the regions of interéstices from this  tym. wWhen a soft rf pulse is applied under a gradient it
broad profile. The multifrequency rf pulse is a collection of gycites a specific region of the spectrum or a specific slice of
harmonics whose values are chosen according to the pattefre sample. The position of the slice and its width depend on
to be encoded. To encode a specific information array, thghe nature of the soft rf pulse. A soft pulse @ frequency

array needs to be broken down to binary form. Therefore, thgnd of widthAw excites a slice of thicknessw/(yG) and at
entire information array is written as a series of 0’'s and 1's in

, - == Ul a distance of w,— vBy)/(yG) from the center of the sample,
a binary array. The multifrequency pulse is tailored accord—as follows from Eq.(1). Generalizing, one can assert that a

multifrequency rf pulse applied on the sample under a gra-
dient excites a series of slices from the sample whose posi-
*Electronic address: anilnmr@physics.iisc.ernet.in tions are determined by the harmonics present in the multi-

Il. SPATIAL ENCODING

1050-2947/2005/7%)/0523136)/$23.00 052313-1 ©2005 The American Physical Society



BHATTACHARYYA et al. PHYSICAL REVIEW A 71, 052313(2005

frequency pulse. The slice intensities are proportional to th&'he set of frequenciey,} is chosen in the following way.
amplitudes of the harmonics constituting the pulse. To genThe pattern to be encoded and to be used as an unsorted
erate a multifrequency pulse, a certain shéioe example,  gatabase has been written as a binary string. In this paper, we
Gaussianwas modulated with a number of harmonics with have selected the phrasiee quick brown fox jumps
the same amplitude and phase, so_that all e_xcited slices afger the lazy dog as the information array. Each letter
also in the same phase. The following equation was used g ths string was assigned a decimal number. For simplicity,
generate a specific shapgé): we assigneda=1 andb=2,...z=26 and zero for blank

N , spaces. The string, then, in decimal notation can be translated

g(t) = > AeBree, (20 as[2085017 21931102 18 1523 14 0

k=1 6 1524 0 10 21 13 16 19 0 15 22 5 18 0 20
whereA is the common amplitude or weighing factor forall 8 5 0 12 1 26 25 0 4 15 7]
the harmonics, an® represents the width of the Gaussian. ~ This string in binary form is given by

A =[10100 01000 00101 00000 10001 10101 01001 00011 01011 00000 00010 10010 01111
10111 01110 00000 00110 01111 11000 00000 01010 10101 01101 10000 10011 00000
01111 10110 00101 10010 00000 10100 01000 00101 00000 01100 00001 11010 11001
00000 00100 01111 00111 ], 3

which is a pattern of 215 bits, and is named asfor A. Method A: NoT-shift-AND search algorithm

further reference. The multifrequency pulse was generated This method is based on a parallel search algorithm sug-

using uniformly spaced frequency values, with zero ampli-yesteq by Khitriret al. [12]. To search for a single letter or a

tude for zero bits and finite equal amplitudes for all nonzergyattern of five bits, whose binary code dg8yde, the algo-

bits. ] rithm involves the following five search steps.
The multifrequency rf pulses used for the pattern encod-

ing were calibrated to have an 18° flip angle for each of the (1) NOT*A, where A is the original bit of string corre-
harmonics. The duration of these multifrequency pulses waSPOnding to the phrase, which in our casetie quick

kept constant in order to ensure the uniformity of the Widthbr:own_ f_ox IjumFl)S_f over the Iaz?/ dog : I;.azto.’ then
of the excited slice. The duration of each multifrequencyt e original muitifrequency pulse correspondingds ap-
lied, whereas ifae=1, then the multifrequency pulse is

pulse was 20 ms. The spectrum, in which the aforementionechan ed such that the harmonics corresponding to 0's are
attern(A) was encoded, is shown in Fig(A) and the total 9 . resp ; 9

P ! . ) . resent and the harmonics corresponding to 1's are absent.

number of 128 transients were acquired with eight dumm)}) (2) NOTALA, where LA is the same array, but now left

scans. Further experimental details are provide(Sec. IV} ghifted by one register or one bit. In experiment this corre-

and in the figure captions. sponds to shifting the frequency of the multifrequency pulse
by a unit of the frequency difference between two adjacent
slices. ANOT operation will have to be applied depending on
the value ofg.

(3) NOT'L2A, where I2A corresponds to two frequency
shifts.
The search problem can be contemplated as the (4) NoT?L3A.

problem of searching for a particular letter in a sequence of (5) NOT<L“A.

letters. The letters are encoded in a series of bits as The operations can be written in the following manner:
mentioned previously. The classical algorithm based on

the Turing machine would take up each value of each B =[(NoT)*AToR[(NOT)PL ATOR[(NOT)"L2A]

register, check whether it corresponds to the desired one, and 5 3 o 4

then move onto the next. Another approach is to perform a OR(NOT)L"AJOR (NOT)L7A]. “@
parallel search, where the algorithm addresses each register Since these five operations are characterized by the bit
simultaneously. In this section, we describe two differentpattern of the desired letter, it can be seen that the first reg-
search algorithms. The first methdthethod A proposed ister of that letter will always be zero in the five multifre-
by Khitrin et al. [12], will be referred to here as the quency pulse$12]. Hence the first register of the required
NOT-shift-AND search algorithm. We introduce a secondletter will not be excited12]. On the other hand, at least one
method(method B, which is referred to as theor search  of the aforementioned five steps will yield “1” at the first
algorithm. registers of the other letters, resulting in excited first registers

IIl. PARALLEL SEARCH ALGORITHM
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FIG. 1. (A) shows the spectrum encoding the 215 uniformly positioned bits. The spectrum corresponds to thethmattenok
brown fox jumps over the lazy dog (B). (C) shows the spectrum obtained by the complete experiment involving the search pulses
and the read pulsé€D) shows the spectrum obtained by the application of only the read gElsshows the difference betweé@) and(D).
This spectrum has zero intensity at the desired lettararked by the arrows. The lettprhas highest intensity and is marked byA total
of 128 transients were recorded without any dummy scans. The flip angle for the read pulsé2waasl for the search pulses was 18° for
all the harmonics. At the bottom of each spectrum, a horizontal line with tick marks has been given, which indicates the beginning and the
end of the five bits encoding each letter. All spectra show(An (C), and(E) are phase sensitive.

of these letters. As illustrated in Fig. 1, these search stepsulse in the equilibrium statesee Fig. 1D)], without any

were realized by the application of suitably prepared multi-phase cycling. Subtraction of these two experiments gives a

frequency pulses, each of which was 20 ms long and had spectrum where the first bit of every letter has a peak except

flip angle of 18°. All the search pulses were applied with thethe desired letters, as shown in FigE}L all other peaks

same phase. being absent. These two experiments comprise the measure-
However, for better decoding purpose and enhancedhent protocol, which acts as asnD operation with the

graphic visualization, a reading protocol is also introducedstring of bits C=[10000 10000 ---], and the final result

which is the sixth step of the algorithm. The complete ex-can be written as

periment is performed in the following manner. A reading D=B AND C. (5)

pulse of the form10000 10000 10000 --- is applied,

after the search pulses, with the —y) phase in consecutive 1 spectrum corresponding Tois given in Fig. 1E) when

scans. The reading pulse is calibrated to a flip angle ofhe |ettero was searched for. The first peak of the letieis

(m/2). The phase cycling for the receiver is set(to—x),  apsent at four places of the total phrdserked by arrows
which implies that two consecutive experiments are subthereby clearly identifying the desired letter.

tracted. This phase cycling retains the direabagnetization

due to the reading pulse, and cancels all the other transverse
magnetization created beforehand. Since the first register of
the nondesired letters have been excited before, the remain- In this method, an experiment is performed to spatially
ing z magnetization detected by the reading pulse is considencode the desired pattern on the spectrum. As a second and
erably less than that of the first register of the required letteifinal step, another auxiliary experiment is performed, which
In this work, we have searched for the 15th letter of thespatially encodes the pattern obtained by replacing all letters
alphabeb corresponding to a binary co@d111 . The spec- of the original pattern by the desired letter. As an example, to
trum obtained by this experiment is given in FigCL Next  search for the lettes, the second pattern needs to be a string
an experiment is performed by applying only the readingof the lettero, namely,

B. Method B: x0oR search algorithm

0000000000000000000000000000000000000000000 )
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FIG. 2. (A) shows the spectrum encoding the 215 uniformly positioned bits. The spectrum corresponds to thetpattarick
brown fox jumps over the lazy dog (B) shows the alpha-numeric form of encoding pattei®@) shows the spectrum corre-
sponding to the auxiliary pattern, that 300000000000000000000000000000000000000000 . The spectra shown in Figs(/&R)
and ZC) are phase sensitivéD) shows the difference betweé¢A) and(C), plotted with the absolute value of intensity. The signal for all
the five bits of the required letteris missing is this spectrum, clearly identifying the desired laitedowever, for further clarity(E) shows
the integrated absolute intensity of the peaks corresponding to each letter, including blanks. The absence of the requiridcletiely
evident, as marked by the arrows. The lefiehas highest absolute intensity (&) and is marked by. A total of 128 transients were
recorded without any dummy scans. The flip angle for all the pulses were 18°. As in Fig. 1, at the bottom of each spectrum, a horizontal line
with tick marks has been given, which indicates the beginning and the end of the peak pattern for a letter.

which for future reference will be named the auxiliary pat-result of the search and absence of the ladtelowever, to
tern. The absolute intensity difference spectrum between thelearly indicate the absence of the desired letter, the sums of
spectra of these two experiments yields a pattern where th@bsolute intensities of the peaks corresponding to each letter
bits or peaks corresponding to the required letter are abserfiave been plotted in Fig.(B). This clearly shows the ab-
For other letters, at least one peak is guaranteed to be presé&@nce of the required letter, also marked with arrows.

in the spectrum. This operation is essentiallyxarR opera- In Fig. 2E) the intensities of the peaks corresponding to
tion. The following example clearly illustrates the working the lettersg, k, m andn, are small compared to all other
principle of this method. non-searched letters. This is due to the fact that the binary

codes for these lettergg=7=00111, k=11=01011, m
=13=01101, n=14=01110) differ from the binary code of
Search string: t h v 0 e the required letteo (01111) only in one of the bits; hence
the XOR operation yields the lowest nonzero absolute inten-
sities of one unit for these letters. This sets the lowest limit
. for discrimination in these experiments. Similarly the binary
Encoded pattern: 10100 01000 0111l code for the letterp (10000) is complementary to the
searched lettep (01111 ) and hence this letter has the high-
= est absolute intensity of five units. Thus, by this method, the
Auxiliary pattern: 01111 01111 ---01111-- complementary lettep is also searched for simultaneously
without any additional effor{marked byx in Fig. 2E)].
Also in method A, the lettep has highest intensityalso
Differencéxor); 11011 00111 ---00000--- (6) marked byx in Fig. 1(E)] and the lettergy, k, andmhave
lowest nonzero intensity. However, the letteishould have

] ) . ) ] also yielded low intensity, but this seems to be an experimen-
It is evident that the bits corresponding to the desired lettefa| artifact. Both these methods can also discriminate groups
are guaranteed to be zero, whereas every other letter wilf other letters which have theoretical intensities of 2
have at least one nonzero bit. (c,e,f,i,j,l,w), 3 (,b,d,h,s,u,v,y, 2),

For both of these experiments the flip angle is identicaland 4(q, r , t , x) (see Fig. 3. The equivalence of intensity
(18°). Under this condition, the difference spectrum does nofor each letter under both the methods is due to the fact that
have bits or peaks corresponding to the desired letter. Thihe bits at the first register of a letter in the steps of method
experimental demonstration of this method is shown inA are identical to the bits of the same letter obtained after the
Fig. 2, where Fig. @) shows the original pattern, Fig(R)  XOR operation in method B.
the string of letters, and Fig.(@) the auxiliary pattern of To compare methods A and B, we have calculated the
all letters being the lettes. The difference spectrum plotted average absolute deviatioiAx), from the experimental
with the absolute values of intensiti¢Big. 2(D)] contains intensities{xF} and the theoretical intensitie(xiT}, defined
the by [18],
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FIG. 3. The intensities of the peaks of the spectra in Figg) And ZE) are plotted in a single graph for comparison. The empty
rectangular bars correspond to the peak intensities obtained by methBid.AL(E)], and the solid rectangular bars correspond to the
integrated absolute peak intensities obtained by meth@Eid® 2(E)]. The horizontal lines give theoretically expected peak intensities for
various letters, which are identified on the vertical sdalleng they axis). The LI sign indicates a blank space. Since the experimental
excitation profiles show unequal excitation over the entire spectral fémger intensities near the ends in FigéD1and Z2C)], the intensity
values of Figs. (E) and ZE), plotted here, have been normalized with respect to the intensities of Figjsadd ZC), respectively.

recorded for the spectra in Figs. 1 and 2, along with eight
=> |xiE—xiT|, (7) dummy scans. The recycle delays for all experiments were
i setto 5 s.
The use of spatial encoding provides several advantages

whereAx is an indicator of the variance of the experimental
ﬁaver the liquid-crystal methodl2]. The principal advantage

data from the theoretical values. Our experimental results

Fig. 3 yielded lies in the uniformity of the intensity and the relaxation of
the bits. Since the bits or slices are spatially separated, the
Ax,=0.355 andAxg=0.096. (8) mixing of magnetization between the slices is prevented.

S0, spatial encoding gives a large signal-to-noise ratio, and
us requires the acquisition of a small number of transients.
hile this method(as used in this papehas lower resolu-

ion compared to the liquid-crystal meth¢d?2], it can be
mproved by higher-selectivity pulses and larger gradients.
However, it should be noted that the main emphasis of this
Spaper is to demonstrate the use of spatial encoding in the
field of NMR information processing. Diffusion of molecules
between different slices may cause some errors in the com-
IV. EXPERIMENTAL DETAILS putation by decreasing the resolution of the slite=e[17]);
however, for the computations performed in this work, the
Effect of diffusion was found to be negligible.

This indicates that the variance is less by a factor of almost %hl
for method B, compared to method A.

Method B proves to be easier than the method A. Methog.
A needs six bit-shifted multifrequency pulses, whereag
method B uses a single multifrequency pulse. This also re;
sults in better reproduction of the intensities of various letter
as seen by the above analysis.

The experiments were carried out on the protons of water
(90 vol % H,O with 10 vol % D,O) at 300 K with a Bruker
DRX-500 spectrometer with operating proton Larmor fre-
quency at 500 MHz. The gradient strength wa%8 G/cm
for all the experiments. All the multifrequency pulses used in
the search algorithm were calibrated for a flip angle of 18° In this paper, the use of spatial encoding to implement
for each harmonics, for all experiments, corresponding to théwo parallel search algorithms has been demonstrated. In the
letter 0. In realizing the method A, the reading pulse waspresence of a magnetic field gradient, spatial information is
calibrated to a flip angle ofr/2 for all harmonics. All mul- mapped onto the spectrum. The spectrum is excited with a
tifrequency pulses including the reading pulse were of duraproperly prepared multifrequency rf pulse, to store an input
tion 20 ms. While recording the spectra in FiggéARand  pattern on the slices of the sample. This encoded pattern has
2(C), the flip angle for all the multifrequency pulses has beerbeen used as an unsorted database to implement parallel
kept to 18° for each harmonic. A total of 128 transients weresearch algorithms. In this work, the letter has been

V. CONCLUSION
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searched forusing two parallel search algorithinkom a  of information during more complex computations with a
215-bit input pattern othe quick brown fox jumps higher number of pulses. More advanced computations can
over the lazy dog . Our proposed search algorithm is be contemplated using spatial encoding.
faster and easier to implement compared to an earlier search
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