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Summary & Conclusions — In manufacturing memory chips,
Redundant Random Access Memory (RRAM) technology has been
widely used because it not only provides repair of faulty cells but
also enhances the production yield. RRAM has several rows and
columns of spare memory cells which are used to replace the faul-
ty cells. The goal of our algorithm is to find a spare allocation which
repairs all the faulty cells in the given faulty-cell map. The parallel
algorithm requires 2n processing elements for the n xn faulty-cell
map problem. The algorithm is verified by many simulation runs.
Under the simulation the algorithm finds one of the near-optimum
solutions in a nearly constant time with O(n) processors. The simula-
tion results show the consistency of our algorithm. The algorithm
can be easily extended for solving rectangular or other shapes of
fault map problems.

1. INTRODUCTION

With the advancement of VLSI technology, an integrated
system interconnecting massive identical elements such as
memory cells, CCD cells, and processing elements can be built
on a silicon chip or wafer. However, as the density of VLSI
systems increases, the probability of defects occurring in them
also increases, and the production yield has a tendency to
decrease. In manufacturing memory chips, Redundant Random
Access Memory (RRAM) technology has been widely used
because it not only provides the repairability of faulty cells but
also enhances the production yield. RRAM has several rows
and columns of spare memory cells. When a faulty cell is
detected in a device test, the faulty row or column which con-
tains the faulty cell is disconnected and is replaced by a spare
per row or spare per column [1-9]. This redundancy technology
can be also used in manufacturing other integrated systems.

A pattern of faulty cells in nxn matrix cells is described
by an nxn fault map F. In the fault map F, each element fi
represents the condition of the corresponding cell. (f;=1

means that the cell at (i,j) has defects and f;=0 means that
the cell has no defect). Figure 1 shows an 8 x 8 fault map prob-
lem where 2 spares per row and 2 spares per column are given.
In the fault map, the black squares indicate faulty cells and the
white squares indicate normal cells. The fault map contains 7
faulty cells at (1,3), (1,7), (3,5), (4,1), (4,8), (7,5), (8,2). These
faulty cells must be repaired by spares per row and/or spares
per column.
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Figure 1. 8x8 Fault Map with Two Row Spares and Two

Column Spares

The goal of our algorithm is to find a spare allocation where
all the faulty cells in the given fault map are repaired or covered
by the given spares per row and spares per column. Several
polynomial-time sequential algorithms for this problem have
been proposed in RRAM applications [10-15]. In 1984, Tarr,
et al proposed two algorithms; the broadside approach and the
repair-most approach [10]. The broadside approach scans the
memory and replaces each faulty cell with a spare memory per
Tow or a spare memory per column whichever is available where
no optimization is performed. The repair-most approach
repeatedly repairs the row or column which has the most faulty
cells. In 1985, Day proposed the fault-driven approach which
repairs the faulty cells according to user-defined preferences
[11]. In 1987, Kuo & Fuchs proposed the branch-and-bound
approach and the heuristic polynomial-time approximation ap-
proach [12]. In 1987, Wey & Lombardi proposed another ap-
proach which determines both repairability/unrepairability and
a repair solution {13]. In 1990, Huang, et al proposed the faulty-
line covering approach and the effective coefficient approach
[15]. The problem is proved to be NP-complete [12]. No parallel
algorithm has been reported.
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In this paper we propose a parallel algorithm based on the
artificial neural network model for solving the spare-allocation
problem. The artificial neural network model uses many sim-
ple processing elements which are called neurons because they
perform the function of the simplified biological neuron. The
sigmoid neural network model for solving combinatorial op-
timization problems was first introduced by Hopfield & Tank
[16]. To enhance the convergence speed, the McCulloch-Pitts
neural network [17] has been used for solving several NP-
complete or optimization problems [18-25]. However, the
McCulloch-Pitts neural network sometimes introduces
undesirable oscillatory behavior. It is empirically shown that
the hysteresis McCulloch-Pitts neural network suppresses the
oscillatory behavior of neural dynamics [24]. Consequently it
shortens the convergence time to the global minimum.

The output V; of processing-element i based on the
hysteresis McCulloch-Pitts neuron model is:

V; = 1, if U; > UTP (Upper Trip Point)
= 0, if U; < LTP (Lower Trip Point)
unchanged, otherwise.

UTP > LTP ey

Notation

U; input of processing-element i

V; output (must have an initial value of 0 or 1)

E computational energy, an n-variable function of
(Vi,..', V)

The change of U, is the partial derivative of E with respect
to V;. The equation is called a motion equation or a Newton
equation. It is:

_ _ BE(N, V. V) @
v, '

du;
dt

Whatever E is given, the motion equation forces it to
monotonically decrease. The proof in the appendix shows that
the motion equation forces the state of the system, composed
of the hysteresis McCulloch-Pitts neurons, to converge to the
local minimum [25].

First we verified our parallel algorithm through solving
the Huang problems [15]. Then we created larger problems
where the faulty cells are generated randomly and the size of
the fault maps is varied from 20 x 20 to 200 x200. The simula-
tion results are shown.

2. SYSTEM REPRESENTATION

Example Problem

Figure 2a shows the system representation for the spare
allocation problem of the 8x8 fault map in figure 1. Eight

339

Column Spare Processing Elements
V21V2, V2

v [
Vi,

—

[
Row Spare :
Processing Elements |
|

-

Vis| |

88 Falut Map
(a) Systemn Representation fox the Fault Map of Fig. 1

V2, V2s

H NN _REN
N

Vi

Vis

-

(b) The Convergence of the System t a Solution

Figure 2. System Representation for the Problem of Figure 1

processing elements are used to describe on which rows (col-
umns) the spares per row (column) should be allocated. A total
of 16 processing elements is used. Generally 2n processing
elements are used to represent n rows and n columns for the
nxn fault map problems. The number of processing elements
with the nonzero output among the n row processing elements
is Ra (number of given spares per row). The number of pro-
cessing elements with the nonzero output among the n column
processing elements is Ca (number of given spares per column).
For example, as shown in figure 2b, the output of 2 processing
elements among 8 row processing elements should be nonzero
and the output of 2 processing elements among 8 column pro-
cessing elements should be nonzero, where the black squares
indicate the nonzero output of the processing elements and the
white squares indicate the zero output of the processing
elements. The nonzero output of a processing element means
that a spare should be allocated on the corresponding row or
column. Figure 2b shows that the spares per row are allocated
on rows 1 & 4 and the spares per column are allocated on col-
umns 2 & 5. This spare allocation repairs all the faulty cells.[]

Notation

U1,,V1; input, output of row i processing-element
U2,;,V2; input, output of column i processing-element




B constant coefficients

4,
) 1 —@®, where & is any symbol

Each faulty cell in the fault map F must be repaired by
a spare per row and/or a spare per column. Therefore it is
necessary to allocate a spare per row on row i if a faulty cell
of row i is not repaired by a spare per column. This condition is:

E fac V2 ©)]

k=1

This condition is nonzero if a faulty cell of row i is not repaired
by a spare per column. In other words, it is nonzero if V2, =
0 for the nonzero fault map element f;.

Similarly it is necessary to allocate a spare per column on
column i if a faulty cell of column i is not repaired by a spare
per row. This condition is:

E fi Vi @
k=1

This condition is nonzero if a faulty cell of column i is not
repaired by a spare per row. In other words, it is nonzero if
V1, = 0 for the nonzero fault map element f;;.

The motion equation of row i processing element for the
nxn fault map problem with Ra spares per row is

- _A<

The first term in (5) forces the output of Ra row processing
elements to be nonzero where the spares per row are allocated.
The second term encourages the output of row i processing ele-
ment to be nonzero if a faulty cell of row i is not repaired by
a spare per column and V1; = 0.

Similarly the motion equation of column i processing ele-
ment for the nxn fault map problem with Ca spares per col-
umn is:

du,
dt

zn; Vlk—Ra>+B[

k=1

E Jix ITzk:l ZVN )|

k=1

V2

au2
dt

L= —A< b)) Vzk—Ca>+B[ Y fur V_lk}
k=1 k=1
(6)

The states of the 2n processing elements for the nxn
fault map problem can be updated synchronously or asyn-
chronously using (5) & (6). In the synchronous system, the
states of all processing elements are updated simultaneously.
In the asynchronous system, the states of all processing
elements are asynchronously updated. In this paper, the syn-
chronous parallel system is simulated on a sequential machine
where the synchronous parallel system can be performed on
maximally 2n processors. The following procedure/program
is used:
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Program parallel-simulator-on-a-sequential-machine
initialization of Ux; and Vx; for x:=1 to 2 and for i:=1 to n;
1* *

while (a set of conflicts is not empty) do

begin

Main Program

/* Updating the values of all the inputs */

for i:=1ton

begin
Ut:=U1,+AU1;
U2;:=U2 +AU2;

end;

End of the first loop

* */

/* Updating the values of all the outputs */
for i:=1to n
begin

If U1,>UTP then V1:=1 else if U1,<LTP then
=0;

If U2,>UTP then V2:=1 else if U2<LTP then
=0;
end;

End of the second loop

Vi
V2

" */
end;
/* Main Program end */
It is quite simple to simulate such a synchronous parallel model
on a sequential machine. After sequentially updating the values
of all the inputs U in the first loop, sequentially updating
each one of the outputs V in the second loop is equivalent
to simultaneously updating the values of all the outputs —
because each output is updated while the states of the inputs
are all fixed.

The asynchronous parallel system simulator on a sequen-
tial machine is under investigation.

3. PARALLEL ALGORITHM

The following procedure describes our parallel algorithm
based on the first order Euler method for the spare-allocation
problem where an nxn fault map, Ra spares per row, and
Ca spares per column are given. The data set of A & B,
UTP, LTP, U_max, U_min are empirically determined. U_max
and U_min are the constant upper limit and the constant lower
limit of Ux;(z+1) respectively.

Algorithm

0. Set t=0, A=B=1, UTP=5, LTP=—5, U_max=40,
U_min = — 160.

, |
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1. The initial values of Ux;(z) for x=1,2 and i=1,...,n are
uniformly randomized between 0 and U_min. The initial values
of Vx;(¢) for x=1,2 and i=1,...,n are zero.

Goto step 3.
2. Evaluate Vx;(¢) for x=1,2 and i=1,..,n.

Vx; (1) = 1, if Ux;(z) > UTP
= 0, if Ux;(¢+) <LTP

unchanged, otherwise

™
3. Use the motion equations in (5) & (6) to compute AU1;(z)
and AU2;(¢) for i=1,...,n.

AUL (1) = —A< E Vlk(t)—Ra>
k=1
+B[ iffk V'zkm] V1i(1) ®
k=1
AU2,(1) = ——A( E V2k(t)—Ca>
k=1
+B[ 2 fii Wk(t)] V2i(1) ©)
k=1

4. Compute Ul,(t+1) and U2;(¢+1) fori=1,...,n based on
the first order Euler method.

Ul (t+1) Ul;(r) + AUL(1) (10)

U2;(t+1) U2,(r) + AU2(1) an
5. If Ux;(z+1) > U_max then Ux;(¢+1) = U_max for x=1,2
and i=1,...,n. (12)

If Ux;(t+1) < U_min then Ux;(t+1) = U_min for x=1,2 and
i=1,...,n (13)

6. If AUx;(t)=0forx=1,2and i=1,...n then terminate this
procedure, else increment ¢ by 1 and goto step 2.

The range limitation of the input Ux;(f+1) in step 5 im-
proves the convergence frequency to the global minimum.

The simulator based on our algorithm has been developed
on a Macintosh SE/30 in order to verify the algorithm. First
we applied the algorithm for solving the Huang problems [15].
Then we created larger problems where the faulty cells are
generated randomly and the size of the fault maps is varied from
20x20 to 200x200. Figures 3-19 show the simulation condi-
tions for these problems and the optimum solutions where all
the faulty cells are repaired by spares respectively. The
algorithm found several optimum solutions from various initial

T
T}

Figure 3. A Solution of the 16x 16 Fault Map Problem [15]
(Ra=Ca=4)

Figure 4. A Solution of the 16 x 16 Fault Map Problem {15]
(Ra=Ca=3)

Figure 5. A Solution of the 16 x 16 Fault Map Problem [15]
(Ra=Ca=3)

Figure 6. A solution of the 16x 16 Fault Map Problem [15]
(Ra=Ca=3)
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Figure 7. A Solution of the 20x20 Fault Map Problem
(Ra=Ca=3)
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Figure 9. A Solution of the
(Ra=Ca=6)

40x 40 Fault Map Problem

values of Ux;(?). Figure 20 shows the simulation results where
the number of spares per row and spares per column are varied
for the same fault map as that of figure 4. The simulator
discovered that 3 spares per row and 1 spare per column are
minimum to repair all the faulty cells in this fault map. Table
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Figure 10. A Solution of the 50x50 Fault Map Problem
(Ra=Ca=7)

Figure 11. A Solution of the 60x60 Fault Map Problem
(Ra=Ca=8)

Figure 12. A Solution of the 70x70 Fault Map Problem
(Ra=Ca=8)

1 shows the average number of the iteration steps and the fre-
quency of the convergence to the optimum solution where 100
simulation runs were performed for each one of 17 problems.
For each one of simulation runs, the different initial values were
given. Figure 21 shows the relationship between the frequency
and the number of iteration steps to converge to the optimum
solution in two of 17 problems. The simulation results show

More — on the outside.
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Figure 15. A Solution of the 110x 110 Fault Map Problem
Figure 13. A Solution of the 80x80 Fault Map Problem (Ra=Ca=15)
(Ra=Ca=11)

Figure 17. A Solution of the 120 x 120 Fault Map Problem
(Ra=Ca=16)

B

Figure 14. A Solution of the 90x90 Fault Map Problem
(Ra=Ca=12)

Figure 15. A Solution of the 100x 100 Fault Map Problem Figure 18. A Solution of the 130x 130 Fault Map Problem
(Ra=Ca=14) )

(Ra=Ca=17)

that the average number of the iteration steps and the frequen-

cy of the convergence to the optimum solution is determined Our algorithm can approximate solutions to the spare-
not by the problem size but by the degree of the difficulty in allocation problems with at least small size of fault maps ina
the problem. nearly constant time with O(n) processors.
e _
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Figure 21. The Relationship between the Frequency and the
Number of Iteration Steps to Converge to the Optimum Solutions
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] APPENDIX
- Theorem
14
aEE W The system always satisfies AE/Az < 0 under two condi-
tions such as AU;/At = —AE/AV; and V;=f(U,;) where E is
the computational Lyapunov energy function and fU;) is a
hysteresis binary function:
(b) Condition 2 : Re=3, Ca=2 Uy = 1if U>UTP
N NEEE N ENANESES) = 0if U, < LTP
» unchanged otherwise.

T Proof: Consider the derivatives of the computational energy
E with respect to time ¢.

AE AV, AE

At ~ At AV

(c) Condition 3 : Re=2, Ca=3

. . AV, /Ay, AE
Figure 20. Solutions of the Fault Map Problem of Fig. 4 with = E ——| ——— ), where — is replaced by
the Different Conditions i At At g
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TABLE 1 Region 1: U;(¢) >UTP and V(1) =1
Summary of Simulation Results Region 2: LTP<U,(t) <UTP and V(1) =1
Average Convergence Region 3: LTP<U,(t) <UTP and V;(1) =0
Fault Map Interation Steps Frequency Region 4: U;(t) <LTP and V,(t) =0
Problem Size to Optimum Solution to Optimum Solution .
In region 1: We must consider four possible cases for
16 x 16 .
430. U (t+At):
Eiz. 3) 1 9% i )
16 x 16 799 50% a U (t+A4n)>Ui(1)
(Fig. 4) b LTP =< U,(t+ Ar) <Uj(s)
16 X 16 2091 099 ¢ Uy(t+Ar) <LTP< (1)
(Fig. 5) :
d Ui(r+ A =U (1)
16 x 16 211.8 97% _ _ _
(Fig. 6) In a and b, V;(t+An)=V,(r)=1 = AVy/AU;, = 0.
20 x 20 Therefore AE/At = 0.
. 269.3 98%
(Fig. 7) ’ Ind, AU/At = 0 = AE/At = 0.
30 x 30 1713 93% Inc, Vi(t+At) = 0 = AV;/AU; = 0—1/negative number
(Fig. 8) > 0 and AU;/At < 0. Therefore AE/At < 0.
‘:‘;_X ‘9‘;) 4817 100% Thus AE/Ar < 0 is always satisfied in region 1.
18. .. . . . .
Similarly, in region 2-4, AE/Ar < 0 is always satisfied.
50 x 50 218.7 87% ED
(Fig. 10) Q.E.D.
60 x 60
554.6 1
(Fig. 11) 00%
70 x 70
495.8 100
(Fig. 12) %
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