Fal Y

’;‘“‘%Q HOKKAIDO UNIVERSITY

N

Title Quantum mean-field decoding algorithm for error-correcting codes
Author(s) Inoue, Jun-ichi; Saika, Yohei; Okada, Masato
Journal of Physics. Conference Series, 143, 012019
Claitten https://doi.org/10.1088/1742-6596/143/1/012019
International Workshop on Statistical-Mechanical Informatics 2008 (IW-SMI 2008), 14-17 September 2008, Sendai
International Center, Aoba-ku, Sendai, Japan
Issue Date 2009-01-07
Doc URL http://hdl.handle.net/2115/35331
This is an author-created, un-copyedited version of an article accepted for publication in Journal of Physics: Conference
Rights Series. IOP Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript or any version
g derived from it. The definitive publisher authenticated version is available online at http://dx.doi.org/10.1088/1742-
6596/143/1/012019.
Type article (author version)

File Information

IWSMI2008_Inoue_Saika_Okada_v2.pdf

L

Instructions for use

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP



https://eprints.lib.hokudai.ac.jp/dspace/about.en.jsp

Quantum mean-field decoding algorithm for

error-correcting codes

Jun-ichi Inoue', Yohei Saika? and Masato Okada?

!Graduate School of Information Science and Technology, Hokkaido University, N14-W9,
Kita-ku, Sapporo 060-0814, Japan

2Department of Electrical and Computer Engineering, Wakayama National College of
Technology, Nada-cho, Noshima 77, Gobo-shi, Wakayama 644-0023, Japan

3Division of Transdisciplinary Science, Graduate School of Frontier Science, The University of
Tokyo, 5-1-5 Kashiwanoha, Kashiwa-shi, Chiba 277-8561, Japan

E-mail: * j_inoue@complex.eng.hokudai.ac. jp 2 saika@wakayama-nct.ac. jp
3okada@k. u-tokyo.ac. jp

Abstract. We numerically examine a quantum version of TAP (Thouless-Anderson-Palmer)-
like mean-field algorithm for the problem of error-correcting codes. For a class of the so-called
Sourlas error-correcting codes, we check the usefulness to retrieve the original bit-sequence
(message) with a finite length. The decoding dynamics is derived explicitly and we evaluate the
average-case performance through the bit-error rate (BER).

1. Introduction

Statistical mechanics of information has been applied to a lot of problems in various research
fields of information science and technology [1, 2]. Among them, error-correcting code is one of
the most developed subjects. In the research field of error-correcting codes, Sourlas showed that
the convolutional codes can be constructed by spin glass with infinite range p-body interactions
and the decoded message should be corresponded to the ground state of the Hamiltonian [3].
Rujan suggested that the bit error can be suppressed if one uses finite temperature equilibrium
states as the decoding result, instead of the ground state [4], and the so-called Bayes-optimal
decoding at some specific condition was proved by Nishimori [5] and Nishimori and Wong [6].
Kabashima and Saad succeeded in constructing more practical codes, namely, low density parity
check (LDPC) codes by using the infinite range spin glass model with finite connectivities [7].
They used the so-called TAP (Thouless-Anderson-Palmer) equations to decode the original
message for a given parity check.

As we shall see later on, an essential key point to obtain the Bayes-optimal solution is
controlling the ‘thermal fluctuation’ in order to satisfy the condition on the Nishimori line
(the so-called Nishimori-Wong condition [6]). Then, a simple question is arisen, namely, is it
possible to obtain the Bayes-optimal solution by means of the ‘quantum fluctuation’ induced by
tunneling effects? or what is condition for the optimal control of the fluctuation?

To answer these questions, Tanaka and Horiguchi introduced a quantum fluctuation into the
mean-field annealing algorithm and showed that performance of image restoration is improved
by controlling the quantum fluctuation appropriately during its annealing process [8, 9]. The
average-case performance is evaluated analytically by one of the present authors [10]. However,



there are few studies concerning such a quantum mean-field algorithm for information processing
described by spin glasses.

In this paper, we examine a quantum version of TAP-like mean-field algorithm for the problem
of error-correcting codes. For a class of the so-called Sourlas error-correcting codes, we check
the usefulness to retrieve the original message with a finite length. The decoding dynamics is
derived explicitly and we evaluate the average-case performance numerically through the bit-
error rate. We find that TAP-like mean-field approach examined here is useful to decode the
original message with a low BER for a relatively large signal-to-noise ratio.

This paper is organized as follows. In the next section, we explain our model system and
comment on the Shannon’s bound. In section 3, the Bayesian approach to the problem is
introduced. Then, quantum Sourlas codes and the preliminary analysis for the case of p — oo (p
is the number of bit products in the parity check) are reported. In the next section 4, we show
the bit-error rate performance at the zero temperature for finite p. In section 5, we construct
the TAP-like mean-field decoding algorithm for the Sourlas codes with finite p and examine the
average-case performance. The last section is a concluding remark.

2. The model system and the Shannon’s bound
In this section, we introduce our model system of error-correcting codes and mention the
Shannon’s bound. In our error-correcting codes, in order to transmit the original message {{} =
(&1,---,€n),& € {—1,1} through some noisy channel, we send all possible combinations yC),
of the products of p-components in the N-dimensional vector {£} such as Jz‘01,~-- ip = &2 Sip
as ‘parity’. Therefore, the rate of the transmission is now evaluated as

N p!

in the limit of N — oo keeping the p finite.
On the other hand, when we assume the additive white Gaussian noise (AWGN) channel

with mean (Jop!/Np_l)JZ-OHQ._,Z-p and variance {J/p!/2NP=1}2  that is, when the output of the

channel J;150...4p is given by

Jop! p!
Jirizip = <—NP1 Jioli2---ip +J oNp 1 1= N(0,1), (2)
the channel capacity C' leads to
1 {(Jop!/prl)Jil...i }2 J2p!
c = -1 1 Pl ) ~ 0 3
9 1062 < T N J2NP—11og 2 (3)

in the same limit as in the derivation (1) (we also used the fact (J;1..;5)> = 1). The factors
p!/NP=1 or /p!/2NP~1 appearing in (2) are needed to take a proper thermodynamic limit (to
make the energy of order 1 object) as will be explained in the next section.

Then, the channel coding theorem tells us that zero-error transmission is achieved if the
condition R < C is satisfied. For the above case, we have R/C = (J/Jy)?log?2 < 1, that is,

? > 4/log2. (4)

The above inequality means that if the signal-to-noise ratio Jy/J is greater than or equal to
V10g 2, the error probability of decoding behaves as P, ~ 2~N(©=F) _, ( in the thermodynamic
limit N — oo. In this sense, we might say that the zero-error transmission is achieved
asymptotically in the limit N — oo, C, R — 0 keeping R/C = O(1) < 1 for the above what we
call Sourlas codes.



3. The Bayesian approach

For the error-correcting codes mentioned in the previous section, Sourlas pointed out that there
exists a close relationship between the error-correcting codes and an Ising spin glass model with
infinite range p-body interactions [3]. In this section, we briefly show the relationship for the
classical system and then we shall extend the system to the quantum version.

3.1. Classical system
To decode the original message {{}, we construct the posterior distribution:

Np—t aop! 2
EXP | — 3421 Zil,...ﬁip Ji1-ip — Np=10i1 " Tip

2N (a27p! /NP—1)1/2

P({o}l{J}) oo P{J{oh)P({o}) = ()

where {o} = (01, - ,0n) denotes an estimate of the original message {¢} and a and ag are the
so-called hyperparameters corresponding to the Jy and J, respectively. It should be noted that
we assumed that the prior P({c}) is uniform such as P({c}) = 2=¥. For the above posterior
distribution, the MAP (maximum a posterior) estimate is obtained as the ground state of the
following Hamiltonian:

p—1 aop! 2
H{MTY) = o o 2 (J—N—p'off) (6)

Zl? 7,Lp

It is obvious that the system {o} described by the above Hamiltonian is an Ising spin glass with
infinite range p-body interactions. Therefore, the decoding is achieved by finding the ground
state of (6) via, for instance, simulated annealing.

In the context of the MPM (maximizar of the posterior marginal) estimate instead of the
MAP, the Bayes-optimal solution is obtained for each bit as a simple majority vote:

& = Ploi=+1|{J}) - P(o; = —1{J}) = sgn < > UiP(Ui\{J})) = sgn({03)),  (7)

o;==x1

where P(o;|{J}) is a posterior marginal calculated as
Poil{J}) = trgzo, PHH{J}). (8)

It might be convenient for physicists to rewrite the above estimate &; in terms of the local
magnetization of the system described by the Hamiltonian (6) as

F — sen tr(yy0i exp[—H ({o}|[{J})]
G <tf{a}exp[—H({ff}|{J})] >

In the classical system specified by a given finite temperature 7' = 1, the Bayes-optimal solution
¢; = sgn((o;)) minimizes the following BER:

(9)

pB = % (1 - % Z&@) = %(1 — [E€ier i) (10)
[ laqn = trgtron (- ) PUITHEN PHE}) (11)

on the Nishimori line ag/a? = Jy/J? [6].



3.2. Quantum system

Apparently, essential key point to obtain the Bayes-optimal solution is controlling the ‘thermal
fluctuation’ in order to satisfy the condition on the Nishimori line T' = 1,ag/a?® = Jy/J?. Then,
a simple question arises, namely, is it possible to obtain the Bayes-optimal solution by means
of the ‘quantum fluctuation’ induced by tunneling effects? or what is condition for the optimal
control of the fluctuation? However, in the corresponding quantum system, the condition is not
yet clarified. In our preliminary study [11], we considered the quantum version of the posterior
by modifying the Hamiltonian as

2 NP~ aop! . 2\ .
H{o}[{J}) = a2l Z (Jilmip - Wafl e Ufp) — 'yz o
P p
a-izﬂz = I(1)®...®U'(ZZ’3E®...®I(N)

1= (g 0)r=(o )= (1 8)-meii

where the subscript such as {---}(; of each matrix denotes the order in the tensor product.
Then, a single bit flip: |[+) =/(1,0) — |—) =%(0,1) or |=) — |+) is caused due to the existence
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Figure 1. Phase diagram of the Sourlas codes for p — oco. In the shaded area (F), zero-error transmission is
achieved. The area P denotes the para-magnetic phase and the area SG is the spin glass phase. For instance, at
the ground state, the critical signal-to-noise ratio is (Jo/J). = v/Iog2 = 0.8326. We set Ty = 3; .

of the second term in the Hamiltonian H. As the result, the Bayes-optimal solution
& = senltr(67p)] (12)

with the density matrix p = e_H({U}HJ})/tr e HUID could be constructed by the quantum
fluctuation (which is controlled by the amplitude ) even at zero temperature. With the
assistance of the replica method combining the static approximation in the Suzuki-Trottter
formula, the phase diagram for the case of p — oo is easily obtained within one step replica
symmetry breaking scheme as shown in Figure 1. At the ground state, the Ferromagnet-
SpinGlass transition takes place at the critical signal-noise ratio (Jy/J). = v/log2 ~ 0.8326.



As the result, we find that R < C, namely, zero-error transmission pp = 0 is achieved beyond
the (Jo/J)ce. It should be noted that the critical behavior is independent of the amplitude ~.
However, for finite p, the minimum BER state is dependent on the v and we should control it
when we construct the algorithm based on the TAP-like mean-field approximation. It is our
main issue in this article.

4. Replica analysis for finite p at zero temperature
Before we provide such a decoding algorithm, we show the performance of the MPM estimate
at zero temperature for finite p case.

By using the Suzuki-Trotter decomposition, the replicated partition function is given by

7" = tr{a}exp Z szzl “ip zl : +BZZJ t—i—l) (13)

1,-ipa=1t=1

with B = (1/2)log coth(y/M) and 35 = ag/a’.
Using the replica symmetric and the static approximations, we have the average

[Z" { W = H dQap(t, t dap(t, t) Oodma(t) Oodma(t) exp [—N frs] (14)
o it ,aﬁ/ / /°° /OO

in terms of the following order parameters.

malt) = %Zaf‘(t}zm, () = (15)

)~ LN ety 2 [ X @=) G [N @=9)
Quitt) = gE ot ={ X (G50 dee={ 3 G35

where 711, (t) and A\,g(t,¢') are the conjugate order parameters for the mq (t) and the Qug(t,t),
respectively. Those are defined by

/_oo dmy,(t) /_OO dmg(t) exp [ima(t) (ma(t) - %ZO’?@))] = 1 (17)

| d@utt) [~ arasttyexy [@Aag(t,t’) <Qa5(t,t/) - %Zof‘(t)aiﬂ(t/))] — 1.(18)

—00 —00

Then, we obtain the free energy density £ explicitly in terms of the above order parameters

as

(p—1)
4

S (m.x,q) = (p — 1) Jym? + B2 — ) — B / Duwlog / Dz2coshE (19)

where we used the saddle point equations with respect to 72, A1, Ao, namely, m = pByJomP~!
and \; = p(B;J)2xP71/2, Ao = p(B;J)%qP~1/2. Then, the saddle point equations that determine
the equilibrium state are derived as follows.

no [ [ (S o o[ (2]
. /_OODZ[(E) vz ()] o)




where we defined ® = wy/p(8;J)2¢? 1w + 2+/p(Bs)2(xP~1 — qP=1)/2 + pBsJomP~! and
E=P2+412, Q= [ DzcoshE with Dz = (dz/v/2m) ¢=#*/2, For the solution of the saddle
point equations, the BER leads to

Pp = /_OO Dw H(—2zp) (22)

where we defined z, = —(pBsJomP~t + w\/p(BsJ)2q?1/2)/\/p(BsJ)2(x*~1 — ¢?~1)/2. The
error function H(z) is defined as H(x) = [ Dz. We find that the above pp depends on v
through the order parameters y, ¢ and m. At finite temperature, the phase diagrams obtained
by solving the above saddle point equations numerically were reported in our previous article
[11]. However, our interest here is rather zero temperature properties.

In order to investigate ‘pure’ quantum effects on the decoding performance of the Sourlas
codes for a finite number of the bit-products p, we here derive the saddle point equations
for quantum Sourlas codes at zero temperature, namely, T; = ﬂ;l — 0 in the above replica
symmetric saddle point equations. To do this, we take the limit 57,7 — oo keeping I' = v/
finite and find the relevant solution so as to satisfy x —q¢ — 0 and G;(x —¢q) =t = O(1). We
should notice that the parameter that controls the quantum fluctuation at zero temperature is
not v but I'. Then, we have immediately as

* ¢ Dw < 2 Dw 9 [ Dw
"= —00 \/¢2+F27 = 7oo¢2+r2’ =1 /oo (¢2+F2)3/2 (23)

with ¢ = wJ\/pgP~1/2 + ¢ J%p(p — 1)g?~2t/2y/¢% + T2 + pJymP~!. For the solution for the
above saddle point equations (23), the BER leads to pg = H(pJomP~1/J+\/pg?~1/2). We show
the results for p = 2 and 3 cases in Figure 2. The left panel shows the behavior of magnetization
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Figure 2. The behavior of order parameters m,q (left) and the BER (right). The inset of the right panel
shows the behavior around the optimal amplitude of the transverse field. We set Jo = J = 1.

and spin glass order parameter for p = 2 and 3, that is, the number of spin products in the
parity is 2 and 3. We find that at the critical point, the second order phase transition takes place
for p = 2, whereas the first order phase transition occurs for p = 3. The right panel is showing
the BER as a function of the amplitude I". Thus, we find that there exists a close relationship
between the bit-error performance and quantum phase transitions [12, 13]. We also find that
there exists an optimal amplitude I' and the BER is minimized at the value.



5. TAP-like mean-field decoding
In the previous section, we evaluated the performance of the Bayes-optimal decoding in the
Sourlas codes with finite p. Within the replica symmetric theory, we found that there exists
the optimal value of the I'. In practice, for a given set of the parity {J}, we should calculate
the estimate & = limg_, o0 sgn(tr(67ps)], pg = e P /tre P for each bit. To calculate the trace
effectively by sampling, the quantum Monte Carlo method (QMCM) might be applicable and
useful [14]. However, unfortunately, the QMCM approach encounters several crucial difficulties.
First, it takes quite long time for us to simulate the quantum states for large number of the
Trotter slices. Second, in general, it is technically quite hard to simulate the quantum states at
zero temperature. Thus, we are now stuck for the computational cost problem.

Nevertheless, as an alternative to decode the original message practically, we here examine
a TAP (Thouless-Anderson-Palmer)-like mean-field algorithm which has a lot of the variants
applying to various information processing [15, 16]. In this paper, we shall provide a simple
attempt to apply the mean-field equations to the Sourlas error-correcting codes for the case of
p=2.

In following, the derivation of the equations is briefly explained.

We shall start the Hamiltonian:

2J, J
= Sweie; TE o gy <NO>JO+\/—N77, o =6, 1=N0,1) (24)

Then, we rewrite the above Hamiltonian as follows.

ﬁ:—Z(FU _’_ha.z +ZJZJ mzl ZJZ] )((3']—77’2][) H(O)—|—V
7 ij
(25)
a0 = Z(r&g + o)+ D Ty (mali)(my1;) (26)
Vo= —ZJZ] —mili) (&7 —myl;), hi =2 Jiym, (27)

where we defined the 2V x 2V identity matrix I;, which is formally defined by I =1 1y ®
I ®---®@Iny. m;is the local magnetization for the system described by the mean-field

Hamiltonian ﬁ(o), that is,
0y _ exp(—BHO)

- trexp(—BH©) (28)

m; =m; = lim tr(&fﬁ(ﬁo)), ﬁ(ﬂ

B—00

Shortly, we derive closed equations to determine m;. It is very tough problem for us to diagonalize
the 2V x 2 matrix H, whereas it is rather easy to diagonalize the mean-field Hamiltonian HO).
Actually, we immediately obtain the ground state internal energy as

= _ZEZ—I_%thm“ EZ‘E\/FZ‘F}L?- (29)

Then, taking the derivative of the E(©) with respect to m; and setting it to zero, namely,
OE©® Jom; = 3", (0hk/Om;){hi/\/T2 + hi — my} = 0, we have

hi
(VZ) m; = —/ hi:22Jijmj. (30)

\/ T2+ h?



The above equations are nothing but the so-called naive mean-field equations for the Ising spin
glass (the Sherrington-Kirkpatrick model [17]) in a transverse field. It should be noted that
the equations are reduced to (V;) m; = h;/|h;| = sgn(h;) = limg_, tanh(Bh;) which is naive
mean-field equations at the ground state for the corresponding classical system.

To improve the approximation, according to [18, 19], we introduce the reaction term R; for
each pixel 7 and rewrite the local field h; such as 2 y Jijm; — R;. Then, the naive mean-field
equations (30) are rewritten as

2 . Ji im,; — Ri . 2 .
) m; = 225 Jigm; ~ h;ﬁ - [1—ﬁ <%>] (31)
\/F2 + (25 Jiymy — Ry)? (T4 1) AN

In the last line of the above equation, we expanded the equation with respect to R; up to the
first order. We next evaluate the expectation of the Hamiltonian H by using the eigenvector
that diagonalizes the mean-field Hamiltonian H(®) = — Y (T6% + h;67) + > Jij(miLy) (mi ;).
We obtain

J2
E, = EO_114 Y : (32)
g z]: 2E}EX(E; + Ej)

Then, (0E,/0m;) = 0 gives

hi . 2 < 1 > Z JEmi2(1 —m3)(1 - m?)% +3(1 — mf)%(l —m3)?]
m; = - 7
(T2 + h7)3/2 2+ hi \ b 20°[(1 —m?)% + (1 —m?)%P
(33)

By comparing (31) and (33), we might choose the reaction term R; for each bit i consistently as
3

TZmi[2(1 —m2)(1 —m >5+3<1— 2)3(1 - m?2)?
R, = - .
; 2T[(1 —m2)% + (1 — m2)3]2

(34)

Therefore, we now have a decoding dynamics described by

mi(t+1) = 2> Jijm;(t) — Ri(?) -
\/F2 +{232; Jijm;(t) — Ri(t)}?
Ry - 3 ZamiOR0 0 - ma(t);)% + 31— ma()) 3 (1 - my(5)2)?]

- 2T[(1 — mi(1)2)7 + (1 — my(1)2)7]?

for each bit 4. Then, the MPM estimate is given as a function of time t as &,(t) = sgn[m;(t)]
and the BER is evaluated at each time step through the following expression

pa(t) = % (1 - % Z&Ei(ﬂ) - (37)

We should notice that the naive mean-field equations are always retrieved by setting R; = 0 for
all 2. The naive mean-field equations were applied to image restoration by Tanaka and Horiguchi
[8].
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Figure 3. The dynamics of the TAP-like mean-field decoding (left, N = 1000, the error-bars are evaluated
by 10-samples). We set p = 2,T9 = 0.5 and J/Jo = 0.8,2 and 1. The horizontal axis ¢ in the left panel denotes
the number of time step in the TAP-like update described by (35)(36). The right panel shows the signal-to-noise
ratio dependence of the BER. We set p = 2 and I'o = 0.5.

5.1. Preliminary results

We plot several results in Figure 3. In the left panel of this figure, we plot the dynamics of
mean-field decoding. We plot them for several cases of the signal-to-noise ratio. During the
decoding dynamics, we control the I' by means of

c
') = Ty <1 + " 1> (38)
where t denotes the number of time step in the TAP-like update described by (35)(36). In the
Figure 3, we set 'y = 0.5. From this figure, we find that the BER drops monotonically as
the number of iterations increases. We also find in the right panel that beyond the SN ratio
Jo/J ~ 1, the BER drops. Although the above results are still at preliminary level, however,
from these limited results, we might confirm that TAP-like mean-field approach examined here
is useful to decode the original message with a low BER for relatively large SN ratio. It might be
important for us to consider the relationship between the performance of the TAP-like mean-field
algorithm and the averaged case performance predicted by the replica symmetric theory under
the static approximation. However, to clarify this issue, we need more careful and extended
numerical studies.

6. Concluding remark

We examined a quantum version of TAP (Thouless-Anderson-Palmer)-like mean-field algorithm
at zero temperature for the problem of error-correcting codes. Although the presented results
are still at preliminary level and we should be careful to conclude, the algorithm seems to work
well for our decoding problem. Of course, much more extended studies are needed. For instance,
we have problems to be clarified such as the structure of basin (the initial condition dependence
of the decoding dynamics), studies for the case of p > 3, a comparison of the results with those
obtained by the QMCM, the relationship between the convergence of the algorithm and the
Almeida-Thouless instability which was investigated for the case of the LDPC (Low Density
Parity Check) codes [20]. Some of these issues will be investigated extensively in our future
studies.
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