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Abstract—Synfire rings are fundamental neural circuits capa-
ble of conveying self-sustained activities in a robust and tempo-
rally precise manner. We propose a Turing-complete paradigm
for neural computation based on synfire rings. More specifically,
we provide an algorithmic procedure which, for any fixed-
space Turing machine, builds a corresponding Boolean neural
network composed of synfire rings capable of simulating it. As
a consequence, any fixed-space Turing machine with tapes of
length N can be simulated in linear time by some Boolean neural
network composed of O(N) rings and cells. The construction can
naturally be extended to general Turing machines. Therefore, any
Turing machine can be simulated in linear time by some Boolean
neural network composed of infinitely many synfire rings. The
linear time simulation relies on the possibility to mimic the
behavior of the machines. In the long term, these results might
contribute to the realization of biological neural computers.

I. INTRODUCTION

In theoretical neural computation, the computational capa-
bilities of diverse models of neural networks have been shown
to range from the finite state automaton degree, up to the
Turing or even to the super-Turing level [1–6]. In short, (finite)
Boolean neural networks are computationally equivalent to
finite state automata, rational-weighted neural nets are Turing
complete, and real-weighted and evolving neural networks are
super-Turing. But the neural networks involved in these results
are generally far from the biological reality.

In machine learning, an augmented neural network model
that can interact with a read and write external memory
– following the behavior of a Turing machine – has been
proposed [7]. In a more biological context, several bio-inspired
Turing-complete neural network models have been consid-
ered [8–10].

Synfire chains are feedforward neural circuits where ev-
ery layer is connected to the next by means of conver-
gent/divergent excitatory synapses [11–15]. According to this
architecture, the neurons of each layer tend to fire simul-
taneously, and the firing activity can propagate through the
successive layers in a synchronized manner. Hence, these
circuits are able to convey repeated complex spatio-temporal
patterns of discharges in a robust and highly temporally precise
way. Synfire rings are looping synfire chains [16–18]. As
an additional dynamical feature, the ring shape enables the

emergence of self-sustained activities, which correspond to
attractor dynamics.

Synfire chains and rings have been argued to be crucially
involved in the processing and coding of information in bio-
logical neural networks. Furthermore, they have been shown
to spontaneously emerge in neural networks subject to diverse
kinds of synaptic plasticity mechanisms, like spike-timing-
dependent plasticity (STDP) for instance [16–24].

Based on these considerations, an automaton-complete
paradigm for neural computation based on synfire rings has
been proposed [25–27]. Here, we extend these results towards
Turing computation. More specifically, we describe an algo-
rithmic procedure which, for any fixed-space Turing machine,
builds a corresponding Boolean neural network composed of
synfire rings capable of simulating it. As a consequence, any
fixed-space Turing machine with tapes of length N can be
simulated in linear time by some Boolean neural network com-
posed of O(N) rings and cells. The construction can naturally
be extended to general Turing machines. Therefore, any Turing
machine can be simulated in linear time by some Boolean
recurrent neural network composed of infinitely many synfire
rings. The linear time simulation relies on the possibility to
mimic the behavior of the machines. In the long term, these
results might contribute to the realization of biological neural
computers.

II. BOOLEAN NEURAL NETWORKS AND TURING
MACHINES

A. Boolean neural networks

A Boolean recurrent neural network (BRNN) is a network
composed of binary neurons related together in a general archi-
tecture [1]. Formally, a BRNN is a tuple N = (U,X,A,B, c),
where
• U = {uj : j = 1, . . . ,M} is the set of input cells;
• X = {xj : j = 1, . . . , N} is the set of internal cells;
• A ∈ QN×N is the internal weight matrix, where Aij is

the synaptic weight from xj to xi;
• B ∈ QN×M is the input weight matrix, where Bij is the

synaptic weight from uj to xi;
• c ∈ QN the bias vector, where ci is the bias of xi.



The input and the state of network N at time t are
denoted by u(t) = (u1(t), . . . , uM (t))

T ∈ BM and x(t) =
(x1(t), . . . , xN (t))

T ∈ BN , respectively, for t = 1, 2, . . . . The
dynamics of N is given by the following equation

x(t+ 1) = θ (A · x(t) + B · u(t) + c) (1)

where x(0) = 0 and θ is the componentwise hard-threshold
activation function defined by θ(x) = 0 if x < 1 and θ(x) = 1
if x ≥ 1.

B. Turing Machines

A k-tape Turing machine (k-tape TM) is a tuple M =
(Q,Σ,Γ, δ, q0, qacc, qrej) where:
• Q is the set of states;
• Σ = {0, 1} is the input alphabet not containing the blank

symbol b;
• Γ = Σ ∪ {b} is the tape alphabet;
• δ : Q × Γk −→ Q × Γk × {L,R, S}k is the transition

function;
• q0, qacc, qrej ∈ Q are the initial, accepting and rejecting

states, respectively.
A transition δ(q, a1, . . . , ak) = (q′, a′1, . . . , a

′
k, d1, . . . , dk)

(also denoted as (q, a1, . . . , ak)
a′1,...,a

′
k,d1,...,dk−→ (q′, . . . ))

means that if the machine M is in state q and reads symbols
a1, . . . , ak with its k heads, then it will switch to state q′,
overwrite symbol ai by a′i, and move its heads to the directions
di ∈ {L,R, S}, for all i = 1, . . . , k (L, R, S stand for ‘left’,
‘right’, ‘stay’, respectively).

A configuration of M is an instantaneous description of
the state, positions of the heads, and contents of the tapes
of the machine. It is denoted by a tuple of the form C =
(q, u1#v1, . . . , uk#vk), where q ∈ Q, ui ∈ Γ∗, vi ∈ Γω , and
# 6∈ Γ, for all 1 ≤ i ≤ k. This notation stands for the fact
that M is in state q, and for each i = 1, . . . , k, the infinite
word uivi is written on the i-th tape and the head is scanning
the first letter of vi.1

Given some input string w = a1 · · · ap ∈ Σ∗, the machine
M starts its computation in state q0, with input w being
written on its first tape, all other tapes being empty (blank
symbols everywhere), and all heads located at the leftmost
positions. This situation corresponds to the configuration
CM0 = (q0, ε#wb

ω, ε#bω, . . . , ε#bω), where ε is the empty
word. The computation of M over w is the sequence of
configurations CM = (CM0 , CM1 , CM2 , . . . ) induced by the
transition function δ while reading input w. The input w ∈ Σ∗

is said to be accepted (resp. rejected) by M iff the machine
eventually reaches the state qacc (resp. qrej). Without loss of
generality, we focus on Turing machines that never stay in a
same state during their computations.

A Turing machine can be represented as a graph: the nodes
and edges of the graph represent the states and transitions of
the machine, respectively. As an example, the 2-tape Turing

1We recall that Γ∗ and Γω denote the sets of finite and infinite words over
Γ, respectively.

machine of Figure 1 decides the non regular and non context-
free langage L = {0n1n0n : n ≥ 0}, i.e., the set of words that
begin with a certain number of 0’s, continue with the same
number of 1’s, and end up with the same number of 0’s again.2

The machine is designed in such a way that it never stays in
a same state during its computation. The computation over
input w = 000111000 is given by the following sequence of
transitions.

(q0, 0, b)
0b,SS−→ (q1, 0, b)

00,RR−→ (q′1, 0, b)
00,RR−→ (q1, 0, b)

00,RR−→ (q′1, 1, b)
1b,SL−→ (q2, 1, 0)

11,RL−→ (q′2, 1, 0)
11,RL−→ (q2, 1, 0)

11,RL−→ (q′2, 0, 1)
00,RR−→ (q3, 0, 1)

00,RR−→ (q′3, 0, 1)
00,RR−→ (q3, b, b)

bb,SS−→ (qacc, b, b).

(2)

In this work, a fixed-space Turing machine is a k-tape TM
whose every tape has length N > 0.3 Note that a fixed-space
TM can generate at most |Q|·3k·N ·k ·N = O(N ·3k·N ) differ-
ent configurations. Accordingly, the machine can be simulated
by some finite state automaton of size O(N · 3k·N ), if each
configuration of the former is represented by a computational
state of the latter. Following to the non-optimal construction
from Minsky [3], the automaton can then also be simulated by
some Boolean neural networks containing O(N · 3k·N ) cells.4

Here, we show that any fixed-space TM can be simulated in
linear time by some Boolean neural networks containing O(N)
synfire rings and cells only.
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<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

q1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

q01
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

q02
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

q2
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

q3
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

q03
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

qacc
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

qrej
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

1b ! 1b, SL
<latexit sha1_base64="mxxwpDgBTUS4pdk+TqchAMpUg6M=">AAACAHicbVA9SwNBEN2LXzF+nVpY2CwmgoWEu1hoGbCxsIhoPiA5wt5mL1myt3vszikhpPGv2FgoYuvPsPPfuEmu0OiDgcd7M8zMCxPBDXjel5NbWl5ZXcuvFzY2t7Z33N29hlGppqxOlVC6FRLDBJesDhwEayWakTgUrBkOL6d+855pw5W8g1HCgpj0JY84JWClrntQ8kPc0bw/AKK1esB+eIpvr0tdt+iVvRnwX+JnpIgy1LruZ6enaBozCVQQY9q+l0AwJho4FWxS6KSGJYQOSZ+1LZUkZiYYzx6Y4GOr9HCktC0JeKb+nBiT2JhRHNrOmMDALHpT8T+vnUJ0EYy5TFJgks4XRanAoPA0DdzjmlEQI0sI1dzeiumAaELBZlawIfiLL/8ljUrZPyt7N5Vi1cviyKNDdIROkI/OURVdoRqqI4om6Am9oFfn0Xl23pz3eWvOyWb20S84H98euJS9</latexit>

1b ! 1b, SL
<latexit sha1_base64="mxxwpDgBTUS4pdk+TqchAMpUg6M=">AAACAHicbVA9SwNBEN2LXzF+nVpY2CwmgoWEu1hoGbCxsIhoPiA5wt5mL1myt3vszikhpPGv2FgoYuvPsPPfuEmu0OiDgcd7M8zMCxPBDXjel5NbWl5ZXcuvFzY2t7Z33N29hlGppqxOlVC6FRLDBJesDhwEayWakTgUrBkOL6d+855pw5W8g1HCgpj0JY84JWClrntQ8kPc0bw/AKK1esB+eIpvr0tdt+iVvRnwX+JnpIgy1LruZ6enaBozCVQQY9q+l0AwJho4FWxS6KSGJYQOSZ+1LZUkZiYYzx6Y4GOr9HCktC0JeKb+nBiT2JhRHNrOmMDALHpT8T+vnUJ0EYy5TFJgks4XRanAoPA0DdzjmlEQI0sI1dzeiumAaELBZlawIfiLL/8ljUrZPyt7N5Vi1cviyKNDdIROkI/OURVdoRqqI4om6Am9oFfn0Xl23pz3eWvOyWb20S84H98euJS9</latexit>

Fig. 1: Graph representation of a 2-tape Turing machine deciding the language
{0n1n0n : n ≥ 0}. An edge from q to q′ labelled by a1a2 → a′1a

′
2, d1d2

represents the transition δ(q, a1, a2) = (q′, a′1, a
′
2, d1, d2). The first set of 7

labels is associated to both edges q2 → qrej and q′2 → qrej and the second
set of 7 labels to the edges q3 → qrej and q′3 → qrej .

2Regular and context-free languages are the languages recognized by finite
state automata and pushdown automata, respectively.

3A fixed-space TM should not be confused with a bounded-space TM. In
general, a bounded-space TM refers to a TM which, for every input of length
n, is allowed to use at most f(n) cells of its tape for its computation (for
some function f : N→ N). In this case, there is no notion of fixed-size tape.

4The Boolean neural network of optimal size would contain Θ(
√
N · 3k·N )

cells [28, 29].



III. SYNFIRE RINGS

Synfire chains and synfire rings are neural circuits which
have been argued to be involved in the processing and coding
of information in the brain. A synfire chain is a feedforward
neural circuit where each layer is fully connected to the next
one by means of excitatory connections (cf. Figure 2). A
synfire ring is a looping synfire chain, namely, a chain whose
last layer is connected back to the first one (cf. Figure 2).
The synfire ring architecture exhibits the following important
dynamical properties [27]:
• It allows for the emergence of a self-sustained activity.
• It is robust against synaptic failures and unreliabilities.
• It forces synchronicity among all cells of a same layer.
• It leads to the emergence of a discrete temporal structure

that corresponds to the time steps at which the successive
layers are activated.5

In this study, synfire rings will always be activated via one of
their specific layers: the activation layer. Once activated, a ring
enters into a self-sustained activity which persists as long as
no inhibition is further received (cf. Figure 3). In addition, the
synfire rings that we consider are coupled with an inhibitory
cell (blue cells in Figure 4 (left)). The role of this cell is to shut
down the activity of other rings by sending strong inhibition
to all of their cells.

Fig. 2: A synfire chain (left) and ring (right). The filled cells form the
activation layer of the ring.
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time
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Fig. 3: Raster plot representing the self-sustained activity of a synfire ring.
The ring is composed of 5 layers of 3 cells each governed by Equation (1).
At consecutive time steps t = 0, 1, 2, . . . , the successive layers of the synfire
ring are activated (cells 1, 2, 3, cells 4, 5, 6, cells 7, 8, 9, . . . ).

Below, four kinds of connections between cells and rings
and between rings and rings are considered. These patterns

5This property also holds when the neurons are governed by continuous
time differential equations [27].

are described below and illustrated in Figure 4 (left panels A,
B, C, D).
(A) The cell-to-ring one-shot excitation (type A). When the

cell c is activated, it sends excitations (orange arrows) to
the activation layer and inhibitory cell of the ring R. The
weights of these connections are denoted by wc

exc.
(B) The ring-to-ring constant excitation (type B). As long

as the ring R1 is activated, it keeps sending excitations
(orange arrows) to the activation layer and the inhibitory
cell of the ring R2. The synaptic weights are chosen
such that these excitations do not suffice to activate R2

(cf. Conditions (1)-(5) of Section IV). The weights of
these connections are denoted by wB

exc.
(C) The ring-to-ring constant excitation/one-shot inhibition

(type C). As long as the ring R1 is activated, it keeps
sending excitations (orange arrows) to the activation layer
and inhibitory cell of the ring R2. Here again, the constant
activations do not suffice to activate R2. But if R2

happens to be activated (by receiving other excitations),
then it will send back strong inhibition (blue reverse
arrows) to R1 via its inhibitory cell, in order to shut
it down. The weights of these excitatory and inhibitory
connections are denoted by wC

exc and winh.
(D) The ring-to-ring bidirectional one-shot inhibition (type

D). When the ring R1 (resp. R2) is activated, it sends
strong inhibition (blue arrows) to the ring R2 (resp. R1)
via its inhibitory cell, in order to shut it down.

IV. TURING COMPUTATION

We provide an algorithmic construction which, for any
fixed-space Turing machine, builds a synfire ring based
Boolean neural network that simulates the behavior of the
machine step by step. As a consequence, any fixed-space
Turing machine with tapes of length N can be simulated in
linear time by some Boolean neural network containing O(N)
rings and cells. Furthermore, any general Turing machine can
be simulated in linear time by some Boolean recurrent neural
network composed of infinitely many synfire rings.

Let M = (Q,Σ,Γ, δ, q0, qacc, qrej) be some fixed-space
k-tape TM where every tape is of length N , and let w ∈
Σ∗ be some input string of length p, where p ≤ N (the n-
th letter of wbN−p ∈ ΓN is denoted by wbN−p[n] for all
1 ≤ n ≤ N ). The construction of a BRNN N composed of
|Q| · |Γ|k + 8Nk = O(N) synfire rings that simulates the
computation of M over w is provided in Algorithm 1 and
illustrated in Figure 4 (right). The elements of this construction
are described in more detail below.

Clock cells. The network N contains 4 input cells called
‘start’, ‘tic1’, ‘tic2’ and ‘tic3’ (line 1 of Algorithm 1 and purple
cells of Figure 4). The computation of N will consist of an
initial activation of ‘start’ followed by cyclic activations of
‘tic1’, ‘tic2’ and ‘tic3’. After the initial activation of ‘start’,
N will hold the encoding of the initial configuration of M.
After each activation of ‘tic1’, ‘tic2’, and ‘tic3’, the networkN
will simulate the fact that M reads the current symbols with
its heads, updates its current state, and writes new symbols



and moves its heads, respectively, according to its current
transition. Hence, after each activation of ‘tic3’, N will have
simulated one transition of M.

Program rings The program (set of transitions) of M is
represented by a set of |Q|·|Γ|k program rings in N (lines 2–5
of Algorithm 1 and top set of rings in Figure 4). Each such
ring encodes a specific event of the form: “M is in state q
and is currently reading symbols a1, . . . , ak with its k heads”.
During the simulation process, such a ring will be active in N
iff the event that it encodes is realized by M. Program rings
are connected together by means of type C connections (lines
14–15 of Algorithm 1).

Tape rings Each tape of lenght N of M is represented by
8 rows of N rings each in N . This amounts to 8Nk tape rings
(lines 6–13 of Algorithm 1 and bottom rings in Figure 4). The
two last rows of rings form the position rings. They encode
the current position ofM’s head on the tape. The n-th ring of
the top (resp. bottom) row is active iff M’s head is currently
scanning the n-th square of its tape, and the last move was
‘right’ (resp. ‘left’).6 The three middle rows form the symbol
rings. They encode the symbols written on the tape ofM. The
n-th ring of the top (resp. middle, bottom) row is active iff
the n-th symbol ofM’s tape is a 1 (resp. 0, b). The three first
rows form the cache rings. They encode the symbol currently
read by the heads ofM, and will be used to simulate the state
update of M. Again, the n-th ring of the top (resp. middle,
bottom) row is active iff M’s head is currently reading the
n-th symbol of its tape, and this symbol is a 1 (resp. 0, b).
Note that for a k-tapeM, these 8 rows of rings are duplicated
k times.

According to these considerations, in the network N of
Figure 4, the tape rings encode the configuration ofM where
the head is scanning the 4-th cell (cf. positions rings), the
string 00110bb is written on the tape (cf. symbol rings), and
hence, the head is currently reading symbol 1 (cf. cache rings).

The connection patterns between these rings are described
by their schematic representations (cf. Figure 4 (left)). Each
top (resp. bottom) position ring has type C connections with
its right and bottom left (resp. left and top right) neighboring
rings. Each symbol ring has type D connections with others
rings in the same column. Each cache ring has type D
connections with all of its neighboring rings. Finally, there
are vertical type B connections from position to symbol and
cache rings, as well as from symbol to cache rings. The role
of these connections is described below.

Initial configuration: ‘start’ spike. The ‘start’ cell sends
type A connections to specific symbol and position rings (lines
22–26 of Algorithm 1). When ‘start’ spikes, it activates those
rings that encode the initial configuration of the machine: the
input is written on the first tape, all other tapes are blank, and
the heads are placed to the tapes’ leftmost positions.

Read symbols: ‘tic1’ spike. The ‘tic1’ cell sends type A
connections to the cache rings (line 12 of Algorithm 1). When

6It was not possible to model the positions of the TM’s head with a single
row of rings.

‘tic1’ spikes, its activation gets combined with the type B
connections coming from the position and symbol rings (line
10 of Algorithm 1). Accordingly, the cache rings encoding the
symbols currently read by M are activated, and all previous
cache rings are shut down by means of the inter-cache type D
connections (line 10 of Algorithm 1).

Update state: ‘tic2’ spike. The ‘tic2’ cell sends type A
connections to the program rings (line 4 of Algorithm 1).
When ‘tic2’ spikes, its activation gets combined with the
type B connections coming from the cache rings (line 17
of Algorithm 1) as well as with the type C connections
coming from the currently active program ring (line 15 of
Algorithm 1). Consequently, a program ring encoding the new
state and symbols currently read by M is activated, and the
previous program ring is shut down.

Write symbols and move heads: ‘tic3’ spike. The ‘tic3’
cell sends connections of type A to the symbol and position
rings (line 11 of Algorithm 1). When ‘tic3’ spikes, its activa-
tion gets combined with the type B connections coming from
the current program ring (lines 18–19 of Algorithm 1). As a
consequence, the symbol and position rings encoding the new
symbols written by M and new heads’ positions of M are
activated, and the previous symbol and position rings are shut
down.

Weight conditions. In order to work properly, the processes
of ‘setting initial configuration’, ‘reading symbols’, ‘updating
state’ and ‘writing symbols and moving heads’ need to satisfy
the following conditions (line 27 of Algorithm 1):
(1) The ‘start’ cell should be able to activate its targeted rings

directly. Therefore,

wstart
exc ≥ 1.

(2) Each cache ring receives activations from ‘tic1’, from one
position ring and from one symbol ring. Hence, in order
for the activation of this ring to be possible, the following
condition must hold:

wtic1
exc + 2 · wB

exc ≥ 1.

(3) Each program ring receives activations from ‘tic2’, from
k cache rings and from some other program rings (at most
one being be active). Thus, in order for this activation to
be possible, the following condition must hold:

wtic2
exc + k · wB

exc + wC
exc ≥ 1.

(4) Each symbol ring receives activations from the ‘tic3’
cell, from some program ring (at most one being active),
and from two position rings (at most one being active).
Accordingly, the following condition must hold:

wtic3
exc + wA

exc + wB
exc ≥ 1.

(5) Each position ring (except to leftmost ones) receives
activations from the ‘tic3’ cell, some program rings (but at
most 1 is active), 2 other position rings (at most one being
active). Therefore, the following condition must hold:

wtic3
exc + wA

exc + wC
exc ≥ 1.



(B)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

(A)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

(C)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

(D)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

tic2
<latexit sha1_base64="BsgFMrx3Snx6g+ba4aEYbleMz7c=">AAACBnicbVDLTsJAFL3FF+ILdemmEUxckRYTdUnixiUm8kigIdNhChOm0zpzayQNe//Arf6AO+PW33DvhzhAFwKe5CYn59xXjh8LrtFxvq3c2vrG5lZ+u7Czu7d/UDw8auooUZQ1aCQi1faJZoJL1kCOgrVjxUjoC9byRzdTv/XIlOaRvMdxzLyQDCQPOCVoJK/cRfaEKXJanZR7xZJTcWawV4mbkRJkqPeKP91+RJOQSaSCaN1xnRi9lCizT7BJoZtoFhM6IgPWMVSSkGkvnT09sc+M0reDSJmSaM/UvxMpCbUeh77pDAkO9bI3Ff/zOgkG117KZZwgk3R+KEiEjZE9TcDuc8UoirEhhCpufrXpkChC0eS0cCWRHPXExOIuh7BKmtWKe1Fx7qql2mUWUB5O4BTOwYUrqMEt1KEBFB7gBV7hzXq23q0P63PemrOymWNYgPX1C4kpmc8=</latexit>

tic1
<latexit sha1_base64="roPV+Qcol8RQB0OP1LUiHrzkmEk=">AAACBnicbVDLTsJAFL3FF+ILdemmEUxckRYTdUnixiUm8kigIdNhChOm0zpzayQNe//Arf6AO+PW33DvhzhAFwKe5CYn59xXjh8LrtFxvq3c2vrG5lZ+u7Czu7d/UDw8auooUZQ1aCQi1faJZoJL1kCOgrVjxUjoC9byRzdTv/XIlOaRvMdxzLyQDCQPOCVoJK/cRfaEKXLqTsq9YsmpODPYq8TNSAky1HvFn24/oknIJFJBtO64ToxeSpTZJ9ik0E00iwkdkQHrGCpJyLSXzp6e2GdG6dtBpExJtGfq34mUhFqPQ990hgSHetmbiv95nQSDay/lMk6QSTo/FCTCxsieJmD3uWIUxdgQQhU3v9p0SBShaHJauJJIjnpiYnGXQ1glzWrFvag4d9VS7TILKA8ncArn4MIV1OAW6tAACg/wAq/wZj1b79aH9TlvzVnZzDEswPr6BYeRmc4=</latexit>

start
<latexit sha1_base64="HHDrh7RClVRNLkoWjzewSPTet2U=">AAACB3icbVDLTsJAFJ3iC/GFunTTCCauSIuJuiRx4xITeSRQyXS4hQnTaTNzayQNH+AfuNUfcGfc+hnu/RAH6ELAk9zk5Jz7yvFjwTU6zreVW1vf2NzKbxd2dvf2D4qHR00dJYpBg0UiUm2fahBcQgM5CmjHCmjoC2j5o5up33oEpXkk73EcgxfSgeQBZxSN9FDuIjxhqpEqnJR7xZJTcWawV4mbkRLJUO8Vf7r9iCUhSGSCat1xnRi91CzjTMCk0E00xJSN6AA6hkoagvbS2dcT+8wofTuIlCmJ9kz9O5HSUOtx6JvOkOJQL3tT8T+vk2Bw7aVcxgmCZPNDQSJsjOxpBHafK2AoxoZQprj51WZDqihDE9TClURy1BMTi7scwippVivuRcW5q5Zql1lAeXJCTsk5cckVqZFbUicNwogiL+SVvFnP1rv1YX3OW3NWNnNMFmB9/QLecZqV</latexit>

tic3
<latexit sha1_base64="m0b+3xV+u1lKPwHtSU6fBvNQXGs=">AAAB9HicbVBNT8JAEJ3iF+IX6tFLI5h4Ii0k6pHEi0dM5COBhmyXLWzYbuvulEgafocXDxrj1R/jzX/jAj0o+JJJXt6b2Z15fiy4Rsf5tnIbm1vbO/ndwt7+weFR8fikpaNEUdakkYhUxyeaCS5ZEzkK1okVI6EvWNsf38799oQpzSP5gNOYeSEZSh5wStBIXrmH7AlT5LQ2K/eLJafiLGCvEzcjJcjQ6Be/eoOIJiGTSAXRuus6MXopUeY9wWaFXqJZTOiYDFnXUElCpr10sfTMvjDKwA4iZUqivVB/T6Qk1Hoa+qYzJDjSq95c/M/rJhjceCmXcYJM0uVHQSJsjOx5AvaAK0ZRTA0hVHGzq01HRBGKJqeCCcFdPXmdtKoVt1Zx7qul+lUWRx7O4BwuwYVrqMMdNKAJFB7hGV7hzZpYL9a79bFszVnZzCn8gfX5A1dNkcQ=</latexit>

program
rings

<latexit sha1_base64="e2i7tobSDWNkchDdpJYSp/tYu+A=">AAACM3icbVDLSgMxFM3UV62vUZdugkVwVWbqwi4LblxWsA/olJLJ3E5DM5khyQhlmF/xL/wDt7oXd9Kt/2CmrWBbDwQO55ybmxw/4Uxpx/mwSlvbO7t75f3KweHR8Yl9etZRcSoptGnMY9nziQLOBLQ10xx6iQQS+Ry6/uSu8LtPIBWLxaOeJjCISCjYiFGijTS0G54PIRMZBaFB5pXMUxQnMg4liXLseQtBMhGqvOKBCH6TQ7vq1Jw58CZxl6SKlmgN7ZkXxDSNzDjlRKm+6yR6kBGpGeVgLk8VJIROSAh9QwWJQA2y+Q9zfGWUAI9iaY7QeK7+nchIpNQ08k0yInqs1r1C/M/rp3rUGGRMJKkGQReLRinHOsZFXThgEqjmU0MIlcy8FdMxkYSaDla3pIJpVdTirpewSTr1mntTcx7q1WZjWVAZXaBLdI1cdIua6B61UBtR9Ixe0Rt6t16sT+vLmi2iJWs5c45WYH3/AACCrGg=</latexit>

(|Q| · |�|k)
<latexit sha1_base64="NgYNEFn/j/6t7YzOM8eQRxZQf3w=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GWyFuilJBXVZcKHLFuwDmlgmk0k7dCYJMxOhJF34K25cKOLW33Dn3zhts9DWAxcO59zLvfd4MaNSWda3sbK6tr6xWdgqbu/s7u2bB4dtGSUCkxaOWCS6HpKE0ZC0FFWMdGNBEPcY6Xijm6nfeSRC0ii8V+OYuBwNQhpQjJSW+uZxuZI1Mwf7kcqcW8Q5yh5G5+W+WbKq1gxwmdg5KYEcjb755fgRTjgJFWZIyp5txcpNkVAUMzIpOokkMcIjNCA9TUPEiXTT2f0TeKYVHwaR0BUqOFN/T6SISznmnu7kSA3lojcV//N6iQqu3ZSGcaJIiOeLgoRBFcFpGNCngmDFxpogLKi+FeIhEggrHVlRh2AvvrxM2rWqfVG1mrVS/TKPowBOwCmoABtcgTq4Aw3QAhhk4Bm8gjfjyXgx3o2PeeuKkc8cgT8wPn8A/WaVYw==</latexit>

position
rings

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

(2N)
<latexit sha1_base64="8ON77umprnYXhACt0gZaRlziumw=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFhMhNuEugloGbKwkgjGB5Ah7m7lkyd7esbsnhJAfYWOhiK2/x85/4ya5QhMfDDzem2FmXpAIro3rfju5tfWNza38dmFnd2//oHh49KjjVDFssljEqh1QjYJLbBpuBLYThTQKBLaC0c3Mbz2h0jyWD2acoB/RgeQhZ9RYqVWu1MjdeblXLLlVdw6ySryMlCBDo1f86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NwpObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU147U+4TFKDki0WhakgJiaz30mfK2RGjC2hTHF7K2FDqigzNqGCDcFbfnmVPNaq3kXVva+V6pdZHHk4gVOogAdXUIdbaEATGIzgGV7hzUmcF+fd+Vi05pxs5hj+wPn8AehMje0=</latexit>

symbol
rings

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

(3N)
<latexit sha1_base64="x+8iNDKEYls+2Th1dxDlV3X91Eg=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BFuhXspuC+qx4MWTVLAf0C4lm2bb0Gx2SbJCWfojvHhQxKu/x5v/xrTdg7Y+GHi8N8PMPD8WXBvH+Ua5jc2t7Z38bmFv/+DwqHh80tZRoihr0UhEqusTzQSXrGW4EawbK0ZCX7COP7md+50npjSP5KOZxswLyUjygFNirNQpV+r4/rI8KJacqrMAXiduRkqQoTkofvWHEU1CJg0VROue68TGS4kynAo2K/QTzWJCJ2TEepZKEjLtpYtzZ/jCKkMcRMqWNHih/p5ISaj1NPRtZ0jMWK96c/E/r5eY4MZLuYwTwyRdLgoSgU2E57/jIVeMGjG1hFDF7a2Yjoki1NiECjYEd/XlddKuVd161XmolRpXWRx5OINzqIAL19CAO2hCCyhM4Ble4Q3F6AW9o49law5lM6fwB+jzB+nUje4=</latexit>
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reading symbols
from cache to program
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writing symbols
& moving heads
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symbol and position

Fig. 4: Left. Connection patterns between a Boolean cell c and a synfire ring R (panel A), or between two synfire rings R1 and R2 (panels B, C, D). Each
ring is associated with an inhibitory cell (blue cell). In each panel, a schematic representation of the connection pattern is provided on top and its detailed
description given below. Red and orange arrows represent excitatory connections, while blue arrows are inhibitory ones. In panel C, for the sake of clarity,
the superimposed orange and reverse blue connections are drawn so that both can be visualized clearly. Right. General architecture of a Boolean recurrent
neural network composed of syfire rings simulating a 1-tape Turing machine. The purple nodes are the clock cells. The white and red circles represent active
and quiet synfire rings, respectively. The cell-to-ring and ring-to-ring connection patterns are those described in the left panel (schematic representations).

In addition, in each of the above condition, it is further
required that if at least one term of the sum is null, then the
sum must be strictly less than 1. This last condition ensures
that any missing activation will prevent the targeted ring from
being activated.

Consider some BRNN N obtained by application of Algo-
rithm 1 over some TMM. For any state q ∈ Q, and any words
u1, . . . , uk ∈ Γ∗ and v1, . . . , vk ∈ Γ∗ ∪ Γω , if the program,
symbol, position, and cache ring activities of N encode the
facts that M is in state q, that uivi is written on the i-th
tape, and that the i-th head is scanning the first symbol of
vi, for each i = 1, . . . , k, then the network N is said to be
in the configuration C = (q, u1#v1, · · · , uk#vk). Otherwise,
the configuration of N is undefined.

Now, suppose that N is provided with the cyclic input

pattern start = 1, tic1 = 1, tic2 = 1, tic3 = 1, tic1 = 1,
tic2 = 1, tic3 = 1, . . . , where the spikes of these input
cells are separated by sufficiently many time steps T in
order for the network to settle into stable activities (T is a
constant depending on the lengths of the synfire rings). The
computation of N over w is the sequence of configurations
CN = (CN0 , C

N
1 , C

N
2 , . . . ) of N , where CN0 is the configu-

ration obtained 2 time steps after the spike of ‘start’, and for
each t > 0, CNt is the configuration obtained 2 time steps after
the t-th spike of ‘tic3’. We say that the network N simulates
the machine N in linear time if for any input w ∈ Σ≤N , the
computations CN and CM of N andM over w are the same,
and each configuration CNt is obtained at time α · t + β, for
some constants α, β > 0 and for all t > 0. The following
result holds:



Algorithm 1
Require: k-tape TM M = (Q,Σ,Γ, δ, q0, qacc, qrej) and input word w ∈ Σ≤N

1: create cells ‘start’, ‘tic1’, ‘tic2’, ‘tic3’ *** clock cells ***
2: for all (q, a1, . . . , ak) ∈ Q× Γk do *** program rings ***
3: create the ring R(q,a1,...,ak)

program ring
4: connect ‘tic2’ cell to program ring R(q,a1,...,ak)

: connections of type A tic2 to programs
5: end for
6: for all i = 1 to k do *** k tape rings ***
7: create 2N position rings: {Rn

i,L : 1 ≤ n ≤ N}, {Rn
i,R : 1 ≤ n ≤ N} position rings

8: create 3N symbol rings: {Rn
i,b : 1 ≤ n ≤ N}, {Rn

i,0 : 1 ≤ n ≤ N}, {Rn
i,1 : 1 ≤ n ≤ N} symbol rings

9: create 3N cache rings: {Rn
i,Cb : 1 ≤ n ≤ N}, {Rn

i,C0 : 1 ≤ n ≤ N}, {Rn
i,C1 : 1 ≤ n ≤ N} cache rings

10: connect the position, symbol and cache rings as described in Figure 4: connections of types B, C and D tape ring connections
11: connect ‘tic3’ cell to each position and symbol ring: connections of type A tic3 to positions and symbols
12: connect ‘tic1’ cell to each cache ring: connections of type A tic1 to caches
13: end for
14: for all transition δ(q, a1, . . . , ak) = (q′, a′1, . . . , a

′
k, d1, . . . , dk) do *** connections ***

15: connect program ring R(q,a1,...,ak)
to program ring R(q′,a′1,...,a

′
k
): connections of type C program to program

16: for all 1 ≤ n ≤ N do
17: connect the k cache rings Rn

1,Ca1
, . . . , Rn

k,Cak
to program ring R(q,a1,...,ak)

: connections of type B caches to program

18: connect program ring R(q,a1,...,ak)
to the k symbol rings Rn

1,a′1
, . . . , Rn

k,a′
k

: connections of type B program to symbols

19: connect program ring R(q,a1,...,ak)
to the k position rings Rn

1,d1
, . . . , Rn

k,dk
: connections of type B program to positions

20: end for
21: end for
22: for all 1 ≤ n ≤ N do *** initial configuration ***
23: connect ‘start’ cell to symbol rings Rn

1,wbN−p[n]
: connections of type A start to symbols: input wb∗ on 1st tape rings

24: connect ‘start’ cell to the symbol rings Rn
2,b, . . . , R

n
k,b: connections of type A start to symbols: b’s on other tape rings

25: end for
26: connect ‘start’ cell to the position rings R1

1,R, . . . , R
1
k,R:connections of type A start to positions: leftmost positions

27: set all synaptic weights in order to satisfy Conditions (1)–(5) *** weights ***

Theorem 1. void

(i) Let M be a fixed-space k-tape TM and w ∈ Σ≤N be
some input. Then, there exists some BRNN composed of
O(N) synfire rings and cells that simulates M in linear
time.

(ii) Let M be a general k-tape TM and w ∈ Σ∗ be some
input. Then, there exists a BRNNN composed of infinitely
many synfire rings that simulates M in linear time.

Proof. (Sketch) (i) Let N be the BRNN composed of synfire
ring provided by the application of Algorithm 1 on input M
and w. By construction, N is composed of |Q| · |Γ|k +8Nk =
O(N) synfire rings, and hence of O(N) cells also. Now, let
CM = (CMt )t≥0 and CN = (CNt )t≥0 be the finite or infinite
computations ofM and N over w, respectively. By induction
on t, we can show that CMt = CNt , for all t = 0, 1, 2, . . . . In
addition, for each t ≥ 0, the configuration CNt is obtained at
time 3T · t+2, where 3T is the constant number of time steps
separating two consecutive spikes of ‘tic3’.

(ii) Let N be the BRNN composed of synfire ring provided
by a slightly modified version of Algorithm 1 where the
finitely many tape rings are replaced by infinitely many
ones. By the same argument as above, the finite or infinite
computations of M and N are the same on every input
w ∈ Σ∗ and CNt and the simulation is in linear time.

V. COMPUTER SIMULATION

To illustrate the correctness of our construction (Algo-
rithm 1), we implemented the network composed of synfire

rings that simulates the fixed-size 2-tape Turing machine of
Figure 1 (with N = 10) over input w = 000111000.

The synfire rings that we consider are composed of 5 layers
of 2 cells each, plus the 1 inhibitory cell, which makes 11
cells in total. The BRNN is composed of the 4 input cells,
47 program rings, and for each tape (there are 2 tapes), there
are 3 × 10 = 30 cache rings, 3 × 10 = 30 symbol rings,
2×10 = 20 symbol rings. This makes a total of 4 cells and 207
rings, which amounts to 2281 cells. Moreover, according to the
connection patterns described in Figure 4 and Algorithm 1, the
BRNN contains 45177 synaptic connections.

The activity of the BRNN is represented in Figure 5 in
the form of a raster plot. We can see that the network
simulates the 2-tape TM correctly, in the sense described in
Theorem 1. More specifically, the successive program rings
that are activated are (top of Figure 5):

R(q0,0,b), R(q1,0,b), R(q′1,0,b)
, R(q1,0,b), R(q′1,1,b)

,

R(q2,1,0), R(q′2,1,0)
, R(q2,1,0), R(q′2,0,1)

,

R(q3,0,1), R(q′3,0,1)
, R(q3,b,b), R(qacc,b,b)

The indices of these rings correspond precisely to the succes-
sive states and symbols read by the 2-tape TM of Figure 1
over input w, as described in Computation (2). Moreover, the
activity of the position, symbol and cache rings associated to
the first and second tapes of the TM encode the following
facts:

• the first head performs the following successive moves:
S, R, R, R, S, R, R, R, R, R, R, S.
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<latexit sha1_base64="ShMTnQwhWU+WaFYSqNSlLX4dlH8=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZxT6gCWUyuW2HTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQRtPTBwOOce7twTJIxK5ThfRmFpeWV1rbhubmxube9Yu3tNGaeCQIPELBbtAEtglENDUcWgnQjAUcCgFQyvJn7rHoSkMb9TowT8CPc57VGClZa61qEXQJ/yjABXIMZm+bZsesDDH6FrlZyKM4W9SNyclFCOetf69MKYpJGOE4al7LhOovwMC0UJg7HppRISTIa4Dx1NOY5A+tn0kLF9rJXQ7sVCP67sqfo7keFIylEU6MkIq4Gc9ybif14nVb1LP6M8SRVwMlvUS5mtYnvSih1SAUSxkSaYCKr/apMBFpjoDqSpS3DnT14kzWrFPa+c3VRLtdO8jiI6QEfoBLnoAtXQNaqjBiLoAT2hF/RqPBrPxpvxPhstGHlmH/2B8fENNgmZZg==</latexit>

R
<latexit sha1_base64="ShMTnQwhWU+WaFYSqNSlLX4dlH8=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZxT6gCWUyuW2HTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQRtPTBwOOce7twTJIxK5ThfRmFpeWV1rbhubmxube9Yu3tNGaeCQIPELBbtAEtglENDUcWgnQjAUcCgFQyvJn7rHoSkMb9TowT8CPc57VGClZa61qEXQJ/yjABXIMZm+bZsesDDH6FrlZyKM4W9SNyclFCOetf69MKYpJGOE4al7LhOovwMC0UJg7HppRISTIa4Dx1NOY5A+tn0kLF9rJXQ7sVCP67sqfo7keFIylEU6MkIq4Gc9ybif14nVb1LP6M8SRVwMlvUS5mtYnvSih1SAUSxkSaYCKr/apMBFpjoDqSpS3DnT14kzWrFPa+c3VRLtdO8jiI6QEfoBLnoAtXQNaqjBiLoAT2hF/RqPBrPxpvxPhstGHlmH/2B8fENNgmZZg==</latexit>

R
<latexit sha1_base64="ShMTnQwhWU+WaFYSqNSlLX4dlH8=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZxT6gCWUyuW2HTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQRtPTBwOOce7twTJIxK5ThfRmFpeWV1rbhubmxube9Yu3tNGaeCQIPELBbtAEtglENDUcWgnQjAUcCgFQyvJn7rHoSkMb9TowT8CPc57VGClZa61qEXQJ/yjABXIMZm+bZsesDDH6FrlZyKM4W9SNyclFCOetf69MKYpJGOE4al7LhOovwMC0UJg7HppRISTIa4Dx1NOY5A+tn0kLF9rJXQ7sVCP67sqfo7keFIylEU6MkIq4Gc9ybif14nVb1LP6M8SRVwMlvUS5mtYnvSih1SAUSxkSaYCKr/apMBFpjoDqSpS3DnT14kzWrFPa+c3VRLtdO8jiI6QEfoBLnoAtXQNaqjBiLoAT2hF/RqPBrPxpvxPhstGHlmH/2B8fENNgmZZg==</latexit>

R
<latexit sha1_base64="ShMTnQwhWU+WaFYSqNSlLX4dlH8=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZxT6gCWUyuW2HTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQRtPTBwOOce7twTJIxK5ThfRmFpeWV1rbhubmxube9Yu3tNGaeCQIPELBbtAEtglENDUcWgnQjAUcCgFQyvJn7rHoSkMb9TowT8CPc57VGClZa61qEXQJ/yjABXIMZm+bZsesDDH6FrlZyKM4W9SNyclFCOetf69MKYpJGOE4al7LhOovwMC0UJg7HppRISTIa4Dx1NOY5A+tn0kLF9rJXQ7sVCP67sqfo7keFIylEU6MkIq4Gc9ybif14nVb1LP6M8SRVwMlvUS5mtYnvSih1SAUSxkSaYCKr/apMBFpjoDqSpS3DnT14kzWrFPa+c3VRLtdO8jiI6QEfoBLnoAtXQNaqjBiLoAT2hF/RqPBrPxpvxPhstGHlmH/2B8fENNgmZZg==</latexit>

R
<latexit sha1_base64="ShMTnQwhWU+WaFYSqNSlLX4dlH8=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZxT6gCWUyuW2HTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQRtPTBwOOce7twTJIxK5ThfRmFpeWV1rbhubmxube9Yu3tNGaeCQIPELBbtAEtglENDUcWgnQjAUcCgFQyvJn7rHoSkMb9TowT8CPc57VGClZa61qEXQJ/yjABXIMZm+bZsesDDH6FrlZyKM4W9SNyclFCOetf69MKYpJGOE4al7LhOovwMC0UJg7HppRISTIa4Dx1NOY5A+tn0kLF9rJXQ7sVCP67sqfo7keFIylEU6MkIq4Gc9ybif14nVb1LP6M8SRVwMlvUS5mtYnvSih1SAUSxkSaYCKr/apMBFpjoDqSpS3DnT14kzWrFPa+c3VRLtdO8jiI6QEfoBLnoAtXQNaqjBiLoAT2hF/RqPBrPxpvxPhstGHlmH/2B8fENNgmZZg==</latexit>

R
<latexit sha1_base64="6Ms3IkT4Q4/YGcgq+LPhW2dgXJI=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZ0T6gCWUyuW2HTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQRtPTBwOOce7twTJIxK5ThfRmFpeWV1rbhubmxube9Yu3tNGaeCQIPELBbtAEtglENDUcWgnQjAUcCgFQyvJn7rHoSkMb9TowT8CPc57VGClZa61qEXQJ/yjABXIMZm+bZsesDDH6FrlZyKM4W9SNyclFCOetf69MKYpJGOE4al7LhOovwMC0UJg7HppRISTIa4Dx1NOY5A+tn0kLF9rJXQ7sVCP67sqfo7keFIylEU6MkIq4Gc9ybif14nVb1LP6M8SRVwMlvUS5mtYnvSih1SAUSxkSaYCKr/apMBFpjoDqSpS3DnT14kzWrFPa+c3VRLtdO8jiI6QEfoBLnoAtXQNaqjBiLoAT2hF/RqPBrPxpvxPhstGHlmH/2B8fENN5uZZw==</latexit>

S

<latexit sha1_base64="6Ms3IkT4Q4/YGcgq+LPhW2dgXJI=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZ0T6gCWUyuW2HTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQRtPTBwOOce7twTJIxK5ThfRmFpeWV1rbhubmxube9Yu3tNGaeCQIPELBbtAEtglENDUcWgnQjAUcCgFQyvJn7rHoSkMb9TowT8CPc57VGClZa61qEXQJ/yjABXIMZm+bZsesDDH6FrlZyKM4W9SNyclFCOetf69MKYpJGOE4al7LhOovwMC0UJg7HppRISTIa4Dx1NOY5A+tn0kLF9rJXQ7sVCP67sqfo7keFIylEU6MkIq4Gc9ybif14nVb1LP6M8SRVwMlvUS5mtYnvSih1SAUSxkSaYCKr/apMBFpjoDqSpS3DnT14kzWrFPa+c3VRLtdO8jiI6QEfoBLnoAtXQNaqjBiLoAT2hF/RqPBrPxpvxPhstGHlmH/2B8fENN5uZZw==</latexit>

S
<latexit sha1_base64="6Ms3IkT4Q4/YGcgq+LPhW2dgXJI=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZ0T6gCWUyuW2HTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQRtPTBwOOce7twTJIxK5ThfRmFpeWV1rbhubmxube9Yu3tNGaeCQIPELBbtAEtglENDUcWgnQjAUcCgFQyvJn7rHoSkMb9TowT8CPc57VGClZa61qEXQJ/yjABXIMZm+bZsesDDH6FrlZyKM4W9SNyclFCOetf69MKYpJGOE4al7LhOovwMC0UJg7HppRISTIa4Dx1NOY5A+tn0kLF9rJXQ7sVCP67sqfo7keFIylEU6MkIq4Gc9ybif14nVb1LP6M8SRVwMlvUS5mtYnvSih1SAUSxkSaYCKr/apMBFpjoDqSpS3DnT14kzWrFPa+c3VRLtdO8jiI6QEfoBLnoAtXQNaqjBiLoAT2hF/RqPBrPxpvxPhstGHlmH/2B8fENN5uZZw==</latexit>

S

<latexit sha1_base64="ShMTnQwhWU+WaFYSqNSlLX4dlH8=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZxT6gCWUyuW2HTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQRtPTBwOOce7twTJIxK5ThfRmFpeWV1rbhubmxube9Yu3tNGaeCQIPELBbtAEtglENDUcWgnQjAUcCgFQyvJn7rHoSkMb9TowT8CPc57VGClZa61qEXQJ/yjABXIMZm+bZsesDDH6FrlZyKM4W9SNyclFCOetf69MKYpJGOE4al7LhOovwMC0UJg7HppRISTIa4Dx1NOY5A+tn0kLF9rJXQ7sVCP67sqfo7keFIylEU6MkIq4Gc9ybif14nVb1LP6M8SRVwMlvUS5mtYnvSih1SAUSxkSaYCKr/apMBFpjoDqSpS3DnT14kzWrFPa+c3VRLtdO8jiI6QEfoBLnoAtXQNaqjBiLoAT2hF/RqPBrPxpvxPhstGHlmH/2B8fENNgmZZg==</latexit>

R
<latexit sha1_base64="ShMTnQwhWU+WaFYSqNSlLX4dlH8=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZxT6gCWUyuW2HTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQRtPTBwOOce7twTJIxK5ThfRmFpeWV1rbhubmxube9Yu3tNGaeCQIPELBbtAEtglENDUcWgnQjAUcCgFQyvJn7rHoSkMb9TowT8CPc57VGClZa61qEXQJ/yjABXIMZm+bZsesDDH6FrlZyKM4W9SNyclFCOetf69MKYpJGOE4al7LhOovwMC0UJg7HppRISTIa4Dx1NOY5A+tn0kLF9rJXQ7sVCP67sqfo7keFIylEU6MkIq4Gc9ybif14nVb1LP6M8SRVwMlvUS5mtYnvSih1SAUSxkSaYCKr/apMBFpjoDqSpS3DnT14kzWrFPa+c3VRLtdO8jiI6QEfoBLnoAtXQNaqjBiLoAT2hF/RqPBrPxpvxPhstGHlmH/2B8fENNgmZZg==</latexit>

R
<latexit sha1_base64="ShMTnQwhWU+WaFYSqNSlLX4dlH8=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZxT6gCWUyuW2HTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQRtPTBwOOce7twTJIxK5ThfRmFpeWV1rbhubmxube9Yu3tNGaeCQIPELBbtAEtglENDUcWgnQjAUcCgFQyvJn7rHoSkMb9TowT8CPc57VGClZa61qEXQJ/yjABXIMZm+bZsesDDH6FrlZyKM4W9SNyclFCOetf69MKYpJGOE4al7LhOovwMC0UJg7HppRISTIa4Dx1NOY5A+tn0kLF9rJXQ7sVCP67sqfo7keFIylEU6MkIq4Gc9ybif14nVb1LP6M8SRVwMlvUS5mtYnvSih1SAUSxkSaYCKr/apMBFpjoDqSpS3DnT14kzWrFPa+c3VRLtdO8jiI6QEfoBLnoAtXQNaqjBiLoAT2hF/RqPBrPxpvxPhstGHlmH/2B8fENNgmZZg==</latexit>

R <latexit sha1_base64="ShMTnQwhWU+WaFYSqNSlLX4dlH8=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZxT6gCWUyuW2HTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQRtPTBwOOce7twTJIxK5ThfRmFpeWV1rbhubmxube9Yu3tNGaeCQIPELBbtAEtglENDUcWgnQjAUcCgFQyvJn7rHoSkMb9TowT8CPc57VGClZa61qEXQJ/yjABXIMZm+bZsesDDH6FrlZyKM4W9SNyclFCOetf69MKYpJGOE4al7LhOovwMC0UJg7HppRISTIa4Dx1NOY5A+tn0kLF9rJXQ7sVCP67sqfo7keFIylEU6MkIq4Gc9ybif14nVb1LP6M8SRVwMlvUS5mtYnvSih1SAUSxkSaYCKr/apMBFpjoDqSpS3DnT14kzWrFPa+c3VRLtdO8jiI6QEfoBLnoAtXQNaqjBiLoAT2hF/RqPBrPxpvxPhstGHlmH/2B8fENNgmZZg==</latexit>

R
<latexit sha1_base64="ShMTnQwhWU+WaFYSqNSlLX4dlH8=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZxT6gCWUyuW2HTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQRtPTBwOOce7twTJIxK5ThfRmFpeWV1rbhubmxube9Yu3tNGaeCQIPELBbtAEtglENDUcWgnQjAUcCgFQyvJn7rHoSkMb9TowT8CPc57VGClZa61qEXQJ/yjABXIMZm+bZsesDDH6FrlZyKM4W9SNyclFCOetf69MKYpJGOE4al7LhOovwMC0UJg7HppRISTIa4Dx1NOY5A+tn0kLF9rJXQ7sVCP67sqfo7keFIylEU6MkIq4Gc9ybif14nVb1LP6M8SRVwMlvUS5mtYnvSih1SAUSxkSaYCKr/apMBFpjoDqSpS3DnT14kzWrFPa+c3VRLtdO8jiI6QEfoBLnoAtXQNaqjBiLoAT2hF/RqPBrPxpvxPhstGHlmH/2B8fENNgmZZg==</latexit>

R
<latexit sha1_base64="ShMTnQwhWU+WaFYSqNSlLX4dlH8=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZxT6gCWUyuW2HTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQRtPTBwOOce7twTJIxK5ThfRmFpeWV1rbhubmxube9Yu3tNGaeCQIPELBbtAEtglENDUcWgnQjAUcCgFQyvJn7rHoSkMb9TowT8CPc57VGClZa61qEXQJ/yjABXIMZm+bZsesDDH6FrlZyKM4W9SNyclFCOetf69MKYpJGOE4al7LhOovwMC0UJg7HppRISTIa4Dx1NOY5A+tn0kLF9rJXQ7sVCP67sqfo7keFIylEU6MkIq4Gc9ybif14nVb1LP6M8SRVwMlvUS5mtYnvSih1SAUSxkSaYCKr/apMBFpjoDqSpS3DnT14kzWrFPa+c3VRLtdO8jiI6QEfoBLnoAtXQNaqjBiLoAT2hF/RqPBrPxpvxPhstGHlmH/2B8fENNgmZZg==</latexit>

R
<latexit sha1_base64="6Ms3IkT4Q4/YGcgq+LPhW2dgXJI=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZ0T6gCWUyuW2HTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQRtPTBwOOce7twTJIxK5ThfRmFpeWV1rbhubmxube9Yu3tNGaeCQIPELBbtAEtglENDUcWgnQjAUcCgFQyvJn7rHoSkMb9TowT8CPc57VGClZa61qEXQJ/yjABXIMZm+bZsesDDH6FrlZyKM4W9SNyclFCOetf69MKYpJGOE4al7LhOovwMC0UJg7HppRISTIa4Dx1NOY5A+tn0kLF9rJXQ7sVCP67sqfo7keFIylEU6MkIq4Gc9ybif14nVb1LP6M8SRVwMlvUS5mtYnvSih1SAUSxkSaYCKr/apMBFpjoDqSpS3DnT14kzWrFPa+c3VRLtdO8jiI6QEfoBLnoAtXQNaqjBiLoAT2hF/RqPBrPxpvxPhstGHlmH/2B8fENN5uZZw==</latexit>

S<latexit sha1_base64="6Ms3IkT4Q4/YGcgq+LPhW2dgXJI=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZ0T6gCWUyuW2HTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQRtPTBwOOce7twTJIxK5ThfRmFpeWV1rbhubmxube9Yu3tNGaeCQIPELBbtAEtglENDUcWgnQjAUcCgFQyvJn7rHoSkMb9TowT8CPc57VGClZa61qEXQJ/yjABXIMZm+bZsesDDH6FrlZyKM4W9SNyclFCOetf69MKYpJGOE4al7LhOovwMC0UJg7HppRISTIa4Dx1NOY5A+tn0kLF9rJXQ7sVCP67sqfo7keFIylEU6MkIq4Gc9ybif14nVb1LP6M8SRVwMlvUS5mtYnvSih1SAUSxkSaYCKr/apMBFpjoDqSpS3DnT14kzWrFPa+c3VRLtdO8jiI6QEfoBLnoAtXQNaqjBiLoAT2hF/RqPBrPxpvxPhstGHlmH/2B8fENN5uZZw==</latexit>

S
<latexit sha1_base64="lZVgLc5nMu2fhE9RKVcuGiHW+qQ=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHHhooJ9QBPKZHLbDp1MwsxEKKFLN/6KGxeKuPUT3Pk3TtsI2npg4HDOPdy5J0gYlcpxvozC0vLK6lpx3dzY3NresXb3mjJOBYEGiVks2gGWwCiHhqKKQTsRgKOAQSsYXk381j0ISWN+p0YJ+BHuc9qjBCstda1DL4A+5RkBrkCMzfJN2fSAhz9C1yo5FWcKe5G4OSmhHPWu9emFMUkjHScMS9lxnUT5GRaKEgZj00slJJgMcR86mnIcgfSz6SFj+1grod2LhX5c2VP1dyLDkZSjKNCTEVYDOe9NxP+8Tqp6l35GeZIq4GS2qJcyW8X2pBU7pAKIYiNNMBFU/9UmAyww0R1IU5fgzp+8SJrVinteObutlmqneR1FdICO0Aly0QWqoWtURw1E0AN6Qi/o1Xg0no034302WjDyzD76A+PjGyydmWA=</latexit>

L
<latexit sha1_base64="lZVgLc5nMu2fhE9RKVcuGiHW+qQ=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHHhooJ9QBPKZHLbDp1MwsxEKKFLN/6KGxeKuPUT3Pk3TtsI2npg4HDOPdy5J0gYlcpxvozC0vLK6lpx3dzY3NresXb3mjJOBYEGiVks2gGWwCiHhqKKQTsRgKOAQSsYXk381j0ISWN+p0YJ+BHuc9qjBCstda1DL4A+5RkBrkCMzfJN2fSAhz9C1yo5FWcKe5G4OSmhHPWu9emFMUkjHScMS9lxnUT5GRaKEgZj00slJJgMcR86mnIcgfSz6SFj+1grod2LhX5c2VP1dyLDkZSjKNCTEVYDOe9NxP+8Tqp6l35GeZIq4GS2qJcyW8X2pBU7pAKIYiNNMBFU/9UmAyww0R1IU5fgzp+8SJrVinteObutlmqneR1FdICO0Aly0QWqoWtURw1E0AN6Qi/o1Xg0no034302WjDyzD76A+PjGyydmWA=</latexit>

L
<latexit sha1_base64="lZVgLc5nMu2fhE9RKVcuGiHW+qQ=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHHhooJ9QBPKZHLbDp1MwsxEKKFLN/6KGxeKuPUT3Pk3TtsI2npg4HDOPdy5J0gYlcpxvozC0vLK6lpx3dzY3NresXb3mjJOBYEGiVks2gGWwCiHhqKKQTsRgKOAQSsYXk381j0ISWN+p0YJ+BHuc9qjBCstda1DL4A+5RkBrkCMzfJN2fSAhz9C1yo5FWcKe5G4OSmhHPWu9emFMUkjHScMS9lxnUT5GRaKEgZj00slJJgMcR86mnIcgfSz6SFj+1grod2LhX5c2VP1dyLDkZSjKNCTEVYDOe9NxP+8Tqp6l35GeZIq4GS2qJcyW8X2pBU7pAKIYiNNMBFU/9UmAyww0R1IU5fgzp+8SJrVinteObutlmqneR1FdICO0Aly0QWqoWtURw1E0AN6Qi/o1Xg0no034302WjDyzD76A+PjGyydmWA=</latexit>

L
<latexit sha1_base64="f32MT34RTKm0hWwGeaU3skyBFXY=">AAACCnicbVC7SgNBFJ2Nr7i+opY2o4lgIWE3iNoIARsLi4jmAUkIs7N3kyGzs8vMrBCW1Db+io2FIrZ+gZ1/4+QhaOKBgcM593DnHi/mTGnH+bIyC4tLyyvZVXttfWNzK7e9U1NRIilUacQj2fCIAs4EVDXTHBqxBBJ6HOpe/3Lk1+9BKhaJOz2IoR2SrmABo0QbqZPbb3nQZSKlIDTIoV24vrgt2C0Q/o/UyeWdojMGnifulOTRFJVO7rPlRzQJTZxyolTTdWLdTonUjHIY2q1EQUxon3ShaaggIah2Oj5liA+N4uMgkuYJjcfq70RKQqUGoWcmQ6J7atYbif95zUQH5+2UiTjRIOhkUZBwrCM86gX7TALVfGAIoZKZv2LaI5JQ04GyTQnu7MnzpFYquqfFk5tSvnw8rSOL9tABOkIuOkNldIUqqIooekBP6AW9Wo/Ws/VmvU9GM9Y0s4v+wPr4BmYxmgQ=</latexit>

L = S

<latexit sha1_base64="SmCYh++FGlpvs+2KymvNX4rsSyI=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZwT6gCWUyuWmHTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQStHhg4nHMPd+4JUkalcpxPo7S0vLK6Vl43Nza3tnes3b22TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCUZXU79zB0LShN+qcQp+jAecRpRgpaW+degFMKA8J8AViIlZDaqmBzz8FvpWxak5M9h/iVuQCirQ7FsfXpiQLNZxwrCUPddJlZ9joShhMDG9TEKKyQgPoKcpxzFIP58dMrGPtRLaUSL048qeqT8TOY6lHMeBnoyxGspFbyr+5/UyFV36OeVppoCT+aIoY7ZK7GkrdkgFEMXGmmAiqP6rTYZYYKI7kKYuwV08+S9p12vuee3spl5pnBZ1lNEBOkInyEUXqIGuURO1EEH36BE9oxfjwXgyXo23+WjJKDL76BeM9y9PKZl2</latexit>

b
<latexit sha1_base64="SmCYh++FGlpvs+2KymvNX4rsSyI=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZwT6gCWUyuWmHTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQStHhg4nHMPd+4JUkalcpxPo7S0vLK6Vl43Nza3tnes3b22TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCUZXU79zB0LShN+qcQp+jAecRpRgpaW+degFMKA8J8AViIlZDaqmBzz8FvpWxak5M9h/iVuQCirQ7FsfXpiQLNZxwrCUPddJlZ9joShhMDG9TEKKyQgPoKcpxzFIP58dMrGPtRLaUSL048qeqT8TOY6lHMeBnoyxGspFbyr+5/UyFV36OeVppoCT+aIoY7ZK7GkrdkgFEMXGmmAiqP6rTYZYYKI7kKYuwV08+S9p12vuee3spl5pnBZ1lNEBOkInyEUXqIGuURO1EEH36BE9oxfjwXgyXo23+WjJKDL76BeM9y9PKZl2</latexit>

b
<latexit sha1_base64="SmCYh++FGlpvs+2KymvNX4rsSyI=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZwT6gCWUyuWmHTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQStHhg4nHMPd+4JUkalcpxPo7S0vLK6Vl43Nza3tnes3b22TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCUZXU79zB0LShN+qcQp+jAecRpRgpaW+degFMKA8J8AViIlZDaqmBzz8FvpWxak5M9h/iVuQCirQ7FsfXpiQLNZxwrCUPddJlZ9joShhMDG9TEKKyQgPoKcpxzFIP58dMrGPtRLaUSL048qeqT8TOY6lHMeBnoyxGspFbyr+5/UyFV36OeVppoCT+aIoY7ZK7GkrdkgFEMXGmmAiqP6rTYZYYKI7kKYuwV08+S9p12vuee3spl5pnBZ1lNEBOkInyEUXqIGuURO1EEH36BE9oxfjwXgyXo23+WjJKDL76BeM9y9PKZl2</latexit>

b<latexit sha1_base64="SmCYh++FGlpvs+2KymvNX4rsSyI=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZwT6gCWUyuWmHTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQStHhg4nHMPd+4JUkalcpxPo7S0vLK6Vl43Nza3tnes3b22TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCUZXU79zB0LShN+qcQp+jAecRpRgpaW+degFMKA8J8AViIlZDaqmBzz8FvpWxak5M9h/iVuQCirQ7FsfXpiQLNZxwrCUPddJlZ9joShhMDG9TEKKyQgPoKcpxzFIP58dMrGPtRLaUSL048qeqT8TOY6lHMeBnoyxGspFbyr+5/UyFV36OeVppoCT+aIoY7ZK7GkrdkgFEMXGmmAiqP6rTYZYYKI7kKYuwV08+S9p12vuee3spl5pnBZ1lNEBOkInyEUXqIGuURO1EEH36BE9oxfjwXgyXo23+WjJKDL76BeM9y9PKZl2</latexit>

b

<latexit sha1_base64="i9mj5gZLnIjJzWEPcH07i14N8bE=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZwT6gCWUyuWmHTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQStHhg4nHMPd+4JUkalcpxPo7S0vLK6Vl43Nza3tnes3b22TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCUZXU79zB0LShN+qcQp+jAecRpRgpaW+degFMKA8J8AViIlZdaqmBzz8FvpWxak5M9h/iVuQCirQ7FsfXpiQLNZxwrCUPddJlZ9joShhMDG9TEKKyQgPoKcpxzFIP58dMrGPtRLaUSL048qeqT8TOY6lHMeBnoyxGspFbyr+5/UyFV36OeVppoCT+aIoY7ZK7GkrdkgFEMXGmmAiqP6rTYZYYKI7kKYuwV08+S9p12vuee3spl5pnBZ1lNEBOkInyEUXqIGuURO1EEH36BE9oxfjwXgyXo23+WjJKDL76BeM9y8ApZlE</latexit>

0
<latexit sha1_base64="i9mj5gZLnIjJzWEPcH07i14N8bE=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZwT6gCWUyuWmHTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQStHhg4nHMPd+4JUkalcpxPo7S0vLK6Vl43Nza3tnes3b22TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCUZXU79zB0LShN+qcQp+jAecRpRgpaW+degFMKA8J8AViIlZdaqmBzz8FvpWxak5M9h/iVuQCirQ7FsfXpiQLNZxwrCUPddJlZ9joShhMDG9TEKKyQgPoKcpxzFIP58dMrGPtRLaUSL048qeqT8TOY6lHMeBnoyxGspFbyr+5/UyFV36OeVppoCT+aIoY7ZK7GkrdkgFEMXGmmAiqP6rTYZYYKI7kKYuwV08+S9p12vuee3spl5pnBZ1lNEBOkInyEUXqIGuURO1EEH36BE9oxfjwXgyXo23+WjJKDL76BeM9y8ApZlE</latexit>

0 <latexit sha1_base64="i9mj5gZLnIjJzWEPcH07i14N8bE=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZwT6gCWUyuWmHTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQStHhg4nHMPd+4JUkalcpxPo7S0vLK6Vl43Nza3tnes3b22TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCUZXU79zB0LShN+qcQp+jAecRpRgpaW+degFMKA8J8AViIlZdaqmBzz8FvpWxak5M9h/iVuQCirQ7FsfXpiQLNZxwrCUPddJlZ9joShhMDG9TEKKyQgPoKcpxzFIP58dMrGPtRLaUSL048qeqT8TOY6lHMeBnoyxGspFbyr+5/UyFV36OeVppoCT+aIoY7ZK7GkrdkgFEMXGmmAiqP6rTYZYYKI7kKYuwV08+S9p12vuee3spl5pnBZ1lNEBOkInyEUXqIGuURO1EEH36BE9oxfjwXgyXo23+WjJKDL76BeM9y8ApZlE</latexit>

0

<latexit sha1_base64="8AR5w7D/X1GliztcrAp+I7p8USU=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZwT6gCWUyuWmHTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQStHhg4nHMPd+4JUkalcpxPo7S0vLK6Vl43Nza3tnes3b22TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCUZXU79zB0LShN+qcQp+jAecRpRgpaW+degFMKA8J8AViIlZdaumBzz8FvpWxak5M9h/iVuQCirQ7FsfXpiQLNZxwrCUPddJlZ9joShhMDG9TEKKyQgPoKcpxzFIP58dMrGPtRLaUSL048qeqT8TOY6lHMeBnoyxGspFbyr+5/UyFV36OeVppoCT+aIoY7ZK7GkrdkgFEMXGmmAiqP6rTYZYYKI7kKYuwV08+S9p12vuee3spl5pnBZ1lNEBOkInyEUXqIGuURO1EEH36BE9oxfjwXgyXo23+WjJKDL76BeM9y8CN5lF</latexit>

1
<latexit sha1_base64="8AR5w7D/X1GliztcrAp+I7p8USU=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZwT6gCWUyuWmHTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQStHhg4nHMPd+4JUkalcpxPo7S0vLK6Vl43Nza3tnes3b22TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCUZXU79zB0LShN+qcQp+jAecRpRgpaW+degFMKA8J8AViIlZdaumBzz8FvpWxak5M9h/iVuQCirQ7FsfXpiQLNZxwrCUPddJlZ9joShhMDG9TEKKyQgPoKcpxzFIP58dMrGPtRLaUSL048qeqT8TOY6lHMeBnoyxGspFbyr+5/UyFV36OeVppoCT+aIoY7ZK7GkrdkgFEMXGmmAiqP6rTYZYYKI7kKYuwV08+S9p12vuee3spl5pnBZ1lNEBOkInyEUXqIGuURO1EEH36BE9oxfjwXgyXo23+WjJKDL76BeM9y8CN5lF</latexit>

1
<latexit sha1_base64="8AR5w7D/X1GliztcrAp+I7p8USU=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZwT6gCWUyuWmHTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQStHhg4nHMPd+4JUkalcpxPo7S0vLK6Vl43Nza3tnes3b22TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCUZXU79zB0LShN+qcQp+jAecRpRgpaW+degFMKA8J8AViIlZdaumBzz8FvpWxak5M9h/iVuQCirQ7FsfXpiQLNZxwrCUPddJlZ9joShhMDG9TEKKyQgPoKcpxzFIP58dMrGPtRLaUSL048qeqT8TOY6lHMeBnoyxGspFbyr+5/UyFV36OeVppoCT+aIoY7ZK7GkrdkgFEMXGmmAiqP6rTYZYYKI7kKYuwV08+S9p12vuee3spl5pnBZ1lNEBOkInyEUXqIGuURO1EEH36BE9oxfjwXgyXo23+WjJKDL76BeM9y8CN5lF</latexit>

1

<latexit sha1_base64="SmCYh++FGlpvs+2KymvNX4rsSyI=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZwT6gCWUyuWmHTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQStHhg4nHMPd+4JUkalcpxPo7S0vLK6Vl43Nza3tnes3b22TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCUZXU79zB0LShN+qcQp+jAecRpRgpaW+degFMKA8J8AViIlZDaqmBzz8FvpWxak5M9h/iVuQCirQ7FsfXpiQLNZxwrCUPddJlZ9joShhMDG9TEKKyQgPoKcpxzFIP58dMrGPtRLaUSL048qeqT8TOY6lHMeBnoyxGspFbyr+5/UyFV36OeVppoCT+aIoY7ZK7GkrdkgFEMXGmmAiqP6rTYZYYKI7kKYuwV08+S9p12vuee3spl5pnBZ1lNEBOkInyEUXqIGuURO1EEH36BE9oxfjwXgyXo23+WjJKDL76BeM9y9PKZl2</latexit>

b<latexit sha1_base64="SmCYh++FGlpvs+2KymvNX4rsSyI=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZwT6gCWUyuWmHTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQStHhg4nHMPd+4JUkalcpxPo7S0vLK6Vl43Nza3tnes3b22TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCUZXU79zB0LShN+qcQp+jAecRpRgpaW+degFMKA8J8AViIlZDaqmBzz8FvpWxak5M9h/iVuQCirQ7FsfXpiQLNZxwrCUPddJlZ9joShhMDG9TEKKyQgPoKcpxzFIP58dMrGPtRLaUSL048qeqT8TOY6lHMeBnoyxGspFbyr+5/UyFV36OeVppoCT+aIoY7ZK7GkrdkgFEMXGmmAiqP6rTYZYYKI7kKYuwV08+S9p12vuee3spl5pnBZ1lNEBOkInyEUXqIGuURO1EEH36BE9oxfjwXgyXo23+WjJKDL76BeM9y9PKZl2</latexit>

b

<latexit sha1_base64="SmCYh++FGlpvs+2KymvNX4rsSyI=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZwT6gCWUyuWmHTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQStHhg4nHMPd+4JUkalcpxPo7S0vLK6Vl43Nza3tnes3b22TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCUZXU79zB0LShN+qcQp+jAecRpRgpaW+degFMKA8J8AViIlZDaqmBzz8FvpWxak5M9h/iVuQCirQ7FsfXpiQLNZxwrCUPddJlZ9joShhMDG9TEKKyQgPoKcpxzFIP58dMrGPtRLaUSL048qeqT8TOY6lHMeBnoyxGspFbyr+5/UyFV36OeVppoCT+aIoY7ZK7GkrdkgFEMXGmmAiqP6rTYZYYKI7kKYuwV08+S9p12vuee3spl5pnBZ1lNEBOkInyEUXqIGuURO1EEH36BE9oxfjwXgyXo23+WjJKDL76BeM9y9PKZl2</latexit>

b

<latexit sha1_base64="i9mj5gZLnIjJzWEPcH07i14N8bE=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZwT6gCWUyuWmHTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQStHhg4nHMPd+4JUkalcpxPo7S0vLK6Vl43Nza3tnes3b22TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCUZXU79zB0LShN+qcQp+jAecRpRgpaW+degFMKA8J8AViIlZdaqmBzz8FvpWxak5M9h/iVuQCirQ7FsfXpiQLNZxwrCUPddJlZ9joShhMDG9TEKKyQgPoKcpxzFIP58dMrGPtRLaUSL048qeqT8TOY6lHMeBnoyxGspFbyr+5/UyFV36OeVppoCT+aIoY7ZK7GkrdkgFEMXGmmAiqP6rTYZYYKI7kKYuwV08+S9p12vuee3spl5pnBZ1lNEBOkInyEUXqIGuURO1EEH36BE9oxfjwXgyXo23+WjJKDL76BeM9y8ApZlE</latexit>

0
<latexit sha1_base64="i9mj5gZLnIjJzWEPcH07i14N8bE=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZwT6gCWUyuWmHTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQStHhg4nHMPd+4JUkalcpxPo7S0vLK6Vl43Nza3tnes3b22TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCUZXU79zB0LShN+qcQp+jAecRpRgpaW+degFMKA8J8AViIlZdaqmBzz8FvpWxak5M9h/iVuQCirQ7FsfXpiQLNZxwrCUPddJlZ9joShhMDG9TEKKyQgPoKcpxzFIP58dMrGPtRLaUSL048qeqT8TOY6lHMeBnoyxGspFbyr+5/UyFV36OeVppoCT+aIoY7ZK7GkrdkgFEMXGmmAiqP6rTYZYYKI7kKYuwV08+S9p12vuee3spl5pnBZ1lNEBOkInyEUXqIGuURO1EEH36BE9oxfjwXgyXo23+WjJKDL76BeM9y8ApZlE</latexit>

0
<latexit sha1_base64="i9mj5gZLnIjJzWEPcH07i14N8bE=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZwT6gCWUyuWmHTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQStHhg4nHMPd+4JUkalcpxPo7S0vLK6Vl43Nza3tnes3b22TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCUZXU79zB0LShN+qcQp+jAecRpRgpaW+degFMKA8J8AViIlZdaqmBzz8FvpWxak5M9h/iVuQCirQ7FsfXpiQLNZxwrCUPddJlZ9joShhMDG9TEKKyQgPoKcpxzFIP58dMrGPtRLaUSL048qeqT8TOY6lHMeBnoyxGspFbyr+5/UyFV36OeVppoCT+aIoY7ZK7GkrdkgFEMXGmmAiqP6rTYZYYKI7kKYuwV08+S9p12vuee3spl5pnBZ1lNEBOkInyEUXqIGuURO1EEH36BE9oxfjwXgyXo23+WjJKDL76BeM9y8ApZlE</latexit>

0
<latexit sha1_base64="i9mj5gZLnIjJzWEPcH07i14N8bE=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZwT6gCWUyuWmHTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQStHhg4nHMPd+4JUkalcpxPo7S0vLK6Vl43Nza3tnes3b22TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCUZXU79zB0LShN+qcQp+jAecRpRgpaW+degFMKA8J8AViIlZdaqmBzz8FvpWxak5M9h/iVuQCirQ7FsfXpiQLNZxwrCUPddJlZ9joShhMDG9TEKKyQgPoKcpxzFIP58dMrGPtRLaUSL048qeqT8TOY6lHMeBnoyxGspFbyr+5/UyFV36OeVppoCT+aIoY7ZK7GkrdkgFEMXGmmAiqP6rTYZYYKI7kKYuwV08+S9p12vuee3spl5pnBZ1lNEBOkInyEUXqIGuURO1EEH36BE9oxfjwXgyXo23+WjJKDL76BeM9y8ApZlE</latexit>

0

<latexit sha1_base64="8AR5w7D/X1GliztcrAp+I7p8USU=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZwT6gCWUyuWmHTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQStHhg4nHMPd+4JUkalcpxPo7S0vLK6Vl43Nza3tnes3b22TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCUZXU79zB0LShN+qcQp+jAecRpRgpaW+degFMKA8J8AViIlZdaumBzz8FvpWxak5M9h/iVuQCirQ7FsfXpiQLNZxwrCUPddJlZ9joShhMDG9TEKKyQgPoKcpxzFIP58dMrGPtRLaUSL048qeqT8TOY6lHMeBnoyxGspFbyr+5/UyFV36OeVppoCT+aIoY7ZK7GkrdkgFEMXGmmAiqP6rTYZYYKI7kKYuwV08+S9p12vuee3spl5pnBZ1lNEBOkInyEUXqIGuURO1EEH36BE9oxfjwXgyXo23+WjJKDL76BeM9y8CN5lF</latexit>

1
<latexit sha1_base64="8AR5w7D/X1GliztcrAp+I7p8USU=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZwT6gCWUyuWmHTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQStHhg4nHMPd+4JUkalcpxPo7S0vLK6Vl43Nza3tnes3b22TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCUZXU79zB0LShN+qcQp+jAecRpRgpaW+degFMKA8J8AViIlZdaumBzz8FvpWxak5M9h/iVuQCirQ7FsfXpiQLNZxwrCUPddJlZ9joShhMDG9TEKKyQgPoKcpxzFIP58dMrGPtRLaUSL048qeqT8TOY6lHMeBnoyxGspFbyr+5/UyFV36OeVppoCT+aIoY7ZK7GkrdkgFEMXGmmAiqP6rTYZYYKI7kKYuwV08+S9p12vuee3spl5pnBZ1lNEBOkInyEUXqIGuURO1EEH36BE9oxfjwXgyXo23+WjJKDL76BeM9y8CN5lF</latexit>

1
<latexit sha1_base64="8AR5w7D/X1GliztcrAp+I7p8USU=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZwT6gCWUyuWmHTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQStHhg4nHMPd+4JUkalcpxPo7S0vLK6Vl43Nza3tnes3b22TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCUZXU79zB0LShN+qcQp+jAecRpRgpaW+degFMKA8J8AViIlZdaumBzz8FvpWxak5M9h/iVuQCirQ7FsfXpiQLNZxwrCUPddJlZ9joShhMDG9TEKKyQgPoKcpxzFIP58dMrGPtRLaUSL048qeqT8TOY6lHMeBnoyxGspFbyr+5/UyFV36OeVppoCT+aIoY7ZK7GkrdkgFEMXGmmAiqP6rTYZYYKI7kKYuwV08+S9p12vuee3spl5pnBZ1lNEBOkInyEUXqIGuURO1EEH36BE9oxfjwXgyXo23+WjJKDL76BeM9y8CN5lF</latexit>

1
<latexit sha1_base64="8AR5w7D/X1GliztcrAp+I7p8USU=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZwT6gCWUyuWmHTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQStHhg4nHMPd+4JUkalcpxPo7S0vLK6Vl43Nza3tnes3b22TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCUZXU79zB0LShN+qcQp+jAecRpRgpaW+degFMKA8J8AViIlZdaumBzz8FvpWxak5M9h/iVuQCirQ7FsfXpiQLNZxwrCUPddJlZ9joShhMDG9TEKKyQgPoKcpxzFIP58dMrGPtRLaUSL048qeqT8TOY6lHMeBnoyxGspFbyr+5/UyFV36OeVppoCT+aIoY7ZK7GkrdkgFEMXGmmAiqP6rTYZYYKI7kKYuwV08+S9p12vuee3spl5pnBZ1lNEBOkInyEUXqIGuURO1EEH36BE9oxfjwXgyXo23+WjJKDL76BeM9y8CN5lF</latexit>

1
<latexit sha1_base64="i9mj5gZLnIjJzWEPcH07i14N8bE=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZwT6gCWUyuWmHTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQStHhg4nHMPd+4JUkalcpxPo7S0vLK6Vl43Nza3tnes3b22TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCUZXU79zB0LShN+qcQp+jAecRpRgpaW+degFMKA8J8AViIlZdaqmBzz8FvpWxak5M9h/iVuQCirQ7FsfXpiQLNZxwrCUPddJlZ9joShhMDG9TEKKyQgPoKcpxzFIP58dMrGPtRLaUSL048qeqT8TOY6lHMeBnoyxGspFbyr+5/UyFV36OeVppoCT+aIoY7ZK7GkrdkgFEMXGmmAiqP6rTYZYYKI7kKYuwV08+S9p12vuee3spl5pnBZ1lNEBOkInyEUXqIGuURO1EEH36BE9oxfjwXgyXo23+WjJKDL76BeM9y8ApZlE</latexit>

0
<latexit sha1_base64="i9mj5gZLnIjJzWEPcH07i14N8bE=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZwT6gCWUyuWmHTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQStHhg4nHMPd+4JUkalcpxPo7S0vLK6Vl43Nza3tnes3b22TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCUZXU79zB0LShN+qcQp+jAecRpRgpaW+degFMKA8J8AViIlZdaqmBzz8FvpWxak5M9h/iVuQCirQ7FsfXpiQLNZxwrCUPddJlZ9joShhMDG9TEKKyQgPoKcpxzFIP58dMrGPtRLaUSL048qeqT8TOY6lHMeBnoyxGspFbyr+5/UyFV36OeVppoCT+aIoY7ZK7GkrdkgFEMXGmmAiqP6rTYZYYKI7kKYuwV08+S9p12vuee3spl5pnBZ1lNEBOkInyEUXqIGuURO1EEH36BE9oxfjwXgyXo23+WjJKDL76BeM9y8ApZlE</latexit>

0
<latexit sha1_base64="i9mj5gZLnIjJzWEPcH07i14N8bE=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZwT6gCWUyuWmHTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQStHhg4nHMPd+4JUkalcpxPo7S0vLK6Vl43Nza3tnes3b22TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCUZXU79zB0LShN+qcQp+jAecRpRgpaW+degFMKA8J8AViIlZdaqmBzz8FvpWxak5M9h/iVuQCirQ7FsfXpiQLNZxwrCUPddJlZ9joShhMDG9TEKKyQgPoKcpxzFIP58dMrGPtRLaUSL048qeqT8TOY6lHMeBnoyxGspFbyr+5/UyFV36OeVppoCT+aIoY7ZK7GkrdkgFEMXGmmAiqP6rTYZYYKI7kKYuwV08+S9p12vuee3spl5pnBZ1lNEBOkInyEUXqIGuURO1EEH36BE9oxfjwXgyXo23+WjJKDL76BeM9y8ApZlE</latexit>

0
<latexit sha1_base64="SmCYh++FGlpvs+2KymvNX4rsSyI=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZwT6gCWUyuWmHTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQStHhg4nHMPd+4JUkalcpxPo7S0vLK6Vl43Nza3tnes3b22TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCUZXU79zB0LShN+qcQp+jAecRpRgpaW+degFMKA8J8AViIlZDaqmBzz8FvpWxak5M9h/iVuQCirQ7FsfXpiQLNZxwrCUPddJlZ9joShhMDG9TEKKyQgPoKcpxzFIP58dMrGPtRLaUSL048qeqT8TOY6lHMeBnoyxGspFbyr+5/UyFV36OeVppoCT+aIoY7ZK7GkrdkgFEMXGmmAiqP6rTYZYYKI7kKYuwV08+S9p12vuee3spl5pnBZ1lNEBOkInyEUXqIGuURO1EEH36BE9oxfjwXgyXo23+WjJKDL76BeM9y9PKZl2</latexit>

b
<latexit sha1_base64="SmCYh++FGlpvs+2KymvNX4rsSyI=">AAACCHicbVDLSsNAFJ3UV42vqEsXBlvBhZSkiLosuHFZwT6gCWUyuWmHTiZhZiKU0KUbf8WNC0Xc+gnu/BunbQStHhg4nHMPd+4JUkalcpxPo7S0vLK6Vl43Nza3tnes3b22TDJBoEUSlohugCUwyqGlqGLQTQXgOGDQCUZXU79zB0LShN+qcQp+jAecRpRgpaW+degFMKA8J8AViIlZDaqmBzz8FvpWxak5M9h/iVuQCirQ7FsfXpiQLNZxwrCUPddJlZ9joShhMDG9TEKKyQgPoKcpxzFIP58dMrGPtRLaUSL048qeqT8TOY6lHMeBnoyxGspFbyr+5/UyFV36OeVppoCT+aIoY7ZK7GkrdkgFEMXGmmAiqP6rTYZYYKI7kKYuwV08+S9p12vuee3spl5pnBZ1lNEBOkInyEUXqIGuURO1EEH36BE9oxfjwXgyXo23+WjJKDL76BeM9y9PKZl2</latexit>

b

<latexit sha1_base64="sZq2Ds08MSLf/a8ZWHMkovWwSls=">AAACFXicbVDLSsNAFJ3UV42vqEs3g0VwISUpoi4LblxWsA9oQplMb9Ohk0mYmQgl9Cfc+CtuXCjiVnDn3zhtI2jrgYHDOfdw554w5Uxp1/2ySiura+sb5U17a3tnd8/ZP2ipJJMUmjThieyERAFnApqaaQ6dVAKJQw7tcHQ99dv3IBVLxJ0epxDEJBJswCjRRuo5Z34IERM5BaFBTuxUJpEkMfZ9WzIRKdsH0f9xe07Frboz4GXiFaSCCjR6zqffT2gWmzjlRKmu56Y6yInUjHKY2H6mICV0RCLoGipIDCrIZ1dN8IlR+niQSPOExjP1dyInsVLjODSTMdFDtehNxf+8bqYHV0HORJppEHS+aJBxrBM8rQj3mQSq+dgQQiUzf8V0SCShpgNlmxK8xZOXSatW9S6q57e1St0t6iijI3SMTpGHLlEd3aAGaiKKHtATekGv1qP1bL1Z7/PRklVkDtEfWB/fBqqfTw==</latexit>

program
rings

<latexit sha1_base64="+e+ijf9FRtxRBq/xZuJlAVAQkJI=">AAACHnicbVDLSsNAFJ3UV42vqEs3g0VwVZLiC1cFNy4r9AVNKZPpTTp0MgkzE6GEfokbf8WNC0UEV/o3Th+Cth4YOJxzLnfuCVLOlHbdL6uwsrq2vlHctLe2d3b3nP2DpkoySaFBE57IdkAUcCagoZnm0E4lkDjg0AqGNxO/dQ9SsUTU9SiFbkwiwUJGiTZSzzn3A4iYyCkIDXJs10kKuHKNfd+mhA5gQiQTkbJ9EP2fWM8puWV3CrxMvDkpoTlqPefD7yc0i8045USpjuemupsTqRnlMLb9TEFK6JBE0DFUkBhUN5+eN8YnRunjMJHmCY2n6u+JnMRKjeLAJGOiB2rRm4j/eZ1Mh1fdnIk00yDobFGYcawTPOkK95kEqvnIEEIlM3/FdEAkoaYDZZsSvMWTl0mzUvYuymd3lVLVnddRREfoGJ0iD12iKrpFNdRAFD2gJ/SCXq1H69l6s95n0YI1nzlEf2B9fgPHyqGd</latexit>

Tape 2:
cache
rings

<latexit sha1_base64="Q7ujtRv20W36mzvaB8BImGio//8=">AAACH3icbVDLSsNAFJ3UV42vqks3g0VwVZIiVVwV3Lis0Bc0pUymt+nQySTMTIQS+idu/BU3LhQRd/0bJ20EbT0wcDjnXObe48ecKe04c6uwsbm1vVPctff2Dw6PSscnbRUlkkKLRjySXZ8o4ExASzPNoRtLIKHPoeNP7jK/8whSsUg09TSGfkgCwUaMEm2kQanm+RAwkVIQGuTMbpIYcPUWe56tpqEf8YxJJgJleyCGP7lBqexUnAXwOnFzUkY5GoPSlzeMaBKaccqJUj3XiXU/JVIzymFme4mCmNAJCaBnqCAhqH66uG+GL4wyxKNImic0Xqi/J1ISqmxbkwyJHqtVLxP/83qJHt30UybiRIOgy49GCcc6wllZeMgkUM2nhhAqmdkV0zGRhJoOlG1KcFdPXiftasWtVa4equW6k9dRRGfoHF0iF12jOrpHDdRCFD2hF/SG3q1n69X6sD6X0YKVz5yiP7Dm3/xUokk=</latexit>

Tape 2:
symbol
rings

<latexit sha1_base64="Jr7nJ29ykd/CYvhYSm6Cggh69Ts=">AAACIXicbVDLSsNAFJ3UV42vqks3g0VwVZIiWlwV3Lis0Bc0oUwmt+3QySTMTIQS+itu/BU3LhTpTvwZJ20FbT0wcDgPhnuChDOlHefTKmxsbm3vFHftvf2Dw6PS8Ulbxamk0KIxj2U3IAo4E9DSTHPoJhJIFHDoBOO73O88glQsFk09ScCPyFCwAaNEG6lfqnkBDJnIKAgNcmo3SQK4eos9z05ixfJQziUTQ2V7IMKfZL9UdirOHHiduEtSRks0+qWZF8Y0jUydcqJUz3US7WdEakY5TG0vVZAQOiZD6BkqSATKz+YXTvGFUUI8iKV5QuO5+ruRkUipSRSYZET0SK16ufif10v1oOZnTCSpBkEXHw1SjnWM87lwyCRQzSeGECrNHhTTEZGEmg2UbUZwV09eJ+1qxb2uXD1Uy3VnOUcRnaFzdIlcdIPq6B41UAtR9IRe0Bt6t56tV+vDmi2iBWvZOUV/YH19A8O5ozw=</latexit>

Tape 2:
position

rings

<latexit sha1_base64="w0qx7vlXJ2Td4Dzimx/cIJrFe7k=">AAACHnicbVDLSsNAFJ3UV42vqEs3g0VwVZLiC1cFNy4r9AVNKJPpbTt0MgkzE6GEfokbf8WNC0UEV/o3TtsI2npg4HDOudy5J0w4U9p1v6zCyura+kZx097a3tndc/YPmipOJYUGjXks2yFRwJmAhmaaQzuRQKKQQysc3Uz91j1IxWJR1+MEgogMBOszSrSRus65H8KAiYyC0CAndp0kgL1r7Ps2JXQIUyKZGCjbB9H7iXWdklt2Z8DLxMtJCeWodZ0PvxfTNDLjlBOlOp6b6CAjUjPKYWL7qYKE0BEZQMdQQSJQQTY7b4JPjNLD/ViaJzSeqb8nMhIpNY5Ck4yIHqpFbyr+53VS3b8KMiaSVIOg80X9lGMd42lXuMckUM3HhhAqmfkrpkMiCTUdKNuU4C2evEyalbJ3UT67q5Sqbl5HER2hY3SKPHSJqugW1VADUfSAntALerUerWfrzXqfRwtWPnOI/sD6/AbGJqGc</latexit>

Tape 1:
cache
rings

<latexit sha1_base64="R8xeMPzNX713c+UoRojNg2la0WM=">AAACH3icbVDLSsNAFJ3UV42vqks3g0VwVZIiVVwV3Lis0Bc0pUymt+nQySTMTIQS+idu/BU3LhQRd/0bJ20EbT0wcDjnXObe48ecKe04c6uwsbm1vVPctff2Dw6PSscnbRUlkkKLRjySXZ8o4ExASzPNoRtLIKHPoeNP7jK/8whSsUg09TSGfkgCwUaMEm2kQanm+RAwkVIQGuTMbpIYsHuLPc9W09CPeMYkE4GyPRDDn9ygVHYqzgJ4nbg5KaMcjUHpyxtGNAnNOOVEqZ7rxLqfEqkZ5TCzvURBTOiEBNAzVJAQVD9d3DfDF0YZ4lEkzRMaL9TfEykJVbatSYZEj9Wql4n/eb1Ej276KRNxokHQ5UejhGMd4awsPGQSqOZTQwiVzOyK6ZhIQk0HyjYluKsnr5N2teLWKlcP1XLdyesoojN0ji6Ri65RHd2jBmohip7QC3pD79az9Wp9WJ/LaMHKZ07RH1jzb/qvokg=</latexit>

Tape 1:
symbol
rings

<latexit sha1_base64="GCOaKTlg48jvLbZu3S5l8eVFhAQ=">AAACIXicbVDLSsNAFJ3UV42vqks3g0VwVZIiWlwV3Lis0Bc0oUwmt+3QySTMTIQS+itu/BU3LhTpTvwZJ20FbT0wcDgPhnuChDOlHefTKmxsbm3vFHftvf2Dw6PS8Ulbxamk0KIxj2U3IAo4E9DSTHPoJhJIFHDoBOO73O88glQsFk09ScCPyFCwAaNEG6lfqnkBDJnIKAgNcmo3SQLYvcWeZyexYnko55KJobI9EOFPsl8qOxVnDrxO3CUpoyUa/dLMC2OaRqZOOVGq5zqJ9jMiNaMcpraXKkgIHZMh9AwVJALlZ/MLp/jCKCEexNI8ofFc/d3ISKTUJApMMiJ6pFa9XPzP66V6UPMzJpJUg6CLjwYpxzrG+Vw4ZBKo5hNDCJVmD4rpiEhCzQbKNiO4qyevk3a14l5Xrh6q5bqznKOIztA5ukQuukF1dI8aqIUoekIv6A29W8/Wq/VhzRbRgrXsnKI/sL6+AcISozs=</latexit>

Tape 1:
position

rings

<latexit sha1_base64="dVWR8HNIm9Es2rmPywOLO28hUIo=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCBym7RdRjwYvHCm5baJeSTbNtaJJdk6xQlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48auk4VYT6JOax6oRYU84k9Q0znHYSRbEIOW2H49uZ336iSrNYPphJQgOBh5JFjGBjJb/62Her/XLFrblzoFXi5aQCOZr98ldvEJNUUGkIx1p3PTcxQYaVYYTTaamXappgMsZD2rVUYkF1kM2PnaIzqwxQFCtb0qC5+nsiw0LriQhtp8BmpJe9mfif101NdBNkTCapoZIsFkUpRyZGs8/RgClKDJ9Ygoli9lZERlhhYmw+JRuCt/zyKmnVa95V7fK+Xmlc5HEU4QRO4Rw8uIYG3EETfCDA4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gCztI3l</latexit>

q0

<latexit sha1_base64="uIWabXaZY2troZlxN2GzNT3xz3U=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCBym7RdRjwYvHCm5baJeSTbNtaJJdk6xQlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48auk4VYT6JOax6oRYU84k9Q0znHYSRbEIOW2H49uZ336iSrNYPphJQgOBh5JFjGBjJb/62Peq/XLFrblzoFXi5aQCOZr98ldvEJNUUGkIx1p3PTcxQYaVYYTTaamXappgMsZD2rVUYkF1kM2PnaIzqwxQFCtb0qC5+nsiw0LriQhtp8BmpJe9mfif101NdBNkTCapoZIsFkUpRyZGs8/RgClKDJ9Ygoli9lZERlhhYmw+JRuCt/zyKmnVa95V7fK+Xmlc5HEU4QRO4Rw8uIYG3EETfCDA4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gC1OY3m</latexit>

q1

<latexit sha1_base64="2L/0wcxWackNtTXkJFacW9UEFA8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CbaiBym7RdRjwYvHCvYD2qVk02wbm03WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPmlomitAGkVyqdoA15UzQhmGG03asKI4CTlvB6Gbqt56o0kyKezOOqR/hgWAhI9hYqVl+PO155V6x5FbcGdAy8TJSggz1XvGr25ckiagwhGOtO54bGz/FyjDC6aTQTTSNMRnhAe1YKnBEtZ/Orp2gE6v0USiVLWHQTP09keJI63EU2M4Im6Fe9Kbif14nMeG1nzIRJ4YKMl8UJhwZiaavoz5TlBg+tgQTxeytiAyxwsTYgAo2BG/x5WXSrFa8y8rFXbVUO8/iyMMRHMMZeHAFNbiFOjSAwAM8wyu8OdJ5cd6dj3lrzslmDuEPnM8fFlqOFw==</latexit>

q01

<latexit sha1_base64="eorg7FGglqlxpyj313/BuLCM4WI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CbaiBym7RdRjwYvHCvYD2qVk02wbm03WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPmlomitAGkVyqdoA15UzQhmGG03asKI4CTlvB6Gbqt56o0kyKezOOqR/hgWAhI9hYqVl+PO1Vy71iya24M6Bl4mWkBBnqveJXty9JElFhCMdadzw3Nn6KlWGE00mhm2gaYzLCA9qxVOCIaj+dXTtBJ1bpo1AqW8Kgmfp7IsWR1uMosJ0RNkO96E3F/7xOYsJrP2UiTgwVZL4oTDgyEk1fR32mKDF8bAkmitlbERlihYmxARVsCN7iy8ukWa14l5WLu2qpdp7FkYcjOIYz8OAKanALdWgAgQd4hld4c6Tz4rw7H/PWnJPNHMIfOJ8/F9+OGA==</latexit>

q02
<latexit sha1_base64="7iEpLxGQGxdFscjd3CzcjkdY7x0=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCBym7RdRjwYvHCm5baJeSTbNtaJJdk6xQlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48auk4VYT6JOax6oRYU84k9Q0znHYSRbEIOW2H49uZ336iSrNYPphJQgOBh5JFjGBjJb/62K9X++WKW3PnQKvEy0kFcjT75a/eICapoNIQjrXuem5iggwrwwin01Iv1TTBZIyHtGupxILqIJsfO0VnVhmgKFa2pEFz9fdEhoXWExHaToHNSC97M/E/r5ua6CbImExSQyVZLIpSjkyMZp+jAVOUGD6xBBPF7K2IjLDCxNh8SjYEb/nlVdKq17yr2uV9vdK4yOMowgmcwjl4cA0NuIMm+ECAwTO8wpsjnRfn3flYtBacfOYY/sD5/AG2vo3n</latexit>

q2

<latexit sha1_base64="S4KCpHmaXh2e4/RRItIwYmQrJfk=">AAAB7HicbVBNSwMxEJ31s9avqkcvwVbwIGW3inosePFYwW0L7VKyabYNTbJrkhXK0t/gxYMiXv1B3vw3pu0etPXBwOO9GWbmhQln2rjut7Oyura+sVnYKm7v7O7tlw4OmzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6Hbqt56o0iyWD2ac0EDggWQRI9hYya889i4qvVLZrbozoGXi5aQMORq90le3H5NUUGkIx1p3PDcxQYaVYYTTSbGbappgMsID2rFUYkF1kM2OnaBTq/RRFCtb0qCZ+nsiw0LrsQhtp8BmqBe9qfif10lNdBNkTCapoZLMF0UpRyZG089RnylKDB9bgoli9lZEhlhhYmw+RRuCt/jyMmnWqt5V9fK+Vq6f53EU4BhO4Aw8uIY63EEDfCDA4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AG4Q43o</latexit>

q3

<latexit sha1_base64="zMfz9MXlc5eu2XTQm0F/egCfMgA=">AAAB7XicbVBNSwMxEJ31s9avqkcvwVb0IGW3inosePFYwX5Au5Rsmm1js8maZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5QcyZNq777Swtr6yurec28ptb2zu7hb39hpaJIrROJJeqFWBNORO0bpjhtBUriqOA02YwvJn4zSeqNJPi3oxi6ke4L1jICDZWapQeT7rnpW6h6JbdKdAi8TJShAy1buGr05MkiagwhGOt254bGz/FyjDC6TjfSTSNMRniPm1bKnBEtZ9Orx2jY6v0UCiVLWHQVP09keJI61EU2M4Im4Ge9ybif147MeG1nzIRJ4YKMlsUJhwZiSavox5TlBg+sgQTxeytiAywwsTYgPI2BG/+5UXSqJS9y/LFXaVYPcviyMEhHMEpeHAFVbiFGtSBwAM8wyu8OdJ5cd6dj1nrkpPNHMAfOJ8/GWSOGQ==</latexit>

q03

<latexit sha1_base64="uJ9NAhWzxNS2MWAWXtwqUFBKZmw=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CbaCBym7RdRjwYvHCvZD2qVk02wbmmS3SVYoS3+FFw+KePXnePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4eNXWUKEIbJOKRagdYU84kbRhmOG3HimIRcNoKRrczv/VElWaRfDCTmPoCDyQLGcHGSo/lcS/FhEzLvWLJrbhzoFXiZaQEGeq94le3H5FEUGkIx1p3PDc2foqVYYTTaaGbaBpjMsID2rFUYkG1n84PnqIzq/RRGClb0qC5+nsixULriQhsp8BmqJe9mfif10lMeOOnTMaJoZIsFoUJRyZCs+9RnylKDJ9Ygoli9lZEhlhhYmxGBRuCt/zyKmlWK95V5fK+WqpdZHHk4QRO4Rw8uIYa3EEdGkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AE/34/8</latexit>

qacc

<latexit sha1_base64="uIWabXaZY2troZlxN2GzNT3xz3U=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCBym7RdRjwYvHCm5baJeSTbNtaJJdk6xQlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48auk4VYT6JOax6oRYU84k9Q0znHYSRbEIOW2H49uZ336iSrNYPphJQgOBh5JFjGBjJb/62Peq/XLFrblzoFXi5aQCOZr98ldvEJNUUGkIx1p3PTcxQYaVYYTTaamXappgMsZD2rVUYkF1kM2PnaIzqwxQFCtb0qC5+nsiw0LriQhtp8BmpJe9mfif101NdBNkTCapoZIsFkUpRyZGs8/RgClKDJ9Ygoli9lZERlhhYmw+JRuCt/zyKmnVa95V7fK+Xmlc5HEU4QRO4Rw8uIYG3EETfCDA4Ble4c2Rzovz7nwsWgtOPnMMf+B8/gC1OY3m</latexit>

q1

<latexit sha1_base64="2L/0wcxWackNtTXkJFacW9UEFA8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CbaiBym7RdRjwYvHCvYD2qVk02wbm03WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPmlomitAGkVyqdoA15UzQhmGG03asKI4CTlvB6Gbqt56o0kyKezOOqR/hgWAhI9hYqVl+PO155V6x5FbcGdAy8TJSggz1XvGr25ckiagwhGOtO54bGz/FyjDC6aTQTTSNMRnhAe1YKnBEtZ/Orp2gE6v0USiVLWHQTP09keJI63EU2M4Im6Fe9Kbif14nMeG1nzIRJ4YKMl8UJhwZiaavoz5TlBg+tgQTxeytiAyxwsTYgAo2BG/x5WXSrFa8y8rFXbVUO8/iyMMRHMMZeHAFNbiFOjSAwAM8wyu8OdJ5cd6dj3lrzslmDuEPnM8fFlqOFw==</latexit>

q01

<latexit sha1_base64="7iEpLxGQGxdFscjd3CzcjkdY7x0=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCBym7RdRjwYvHCm5baJeSTbNtaJJdk6xQlv4GLx4U8eoP8ua/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48auk4VYT6JOax6oRYU84k9Q0znHYSRbEIOW2H49uZ336iSrNYPphJQgOBh5JFjGBjJb/62K9X++WKW3PnQKvEy0kFcjT75a/eICapoNIQjrXuem5iggwrwwin01Iv1TTBZIyHtGupxILqIJsfO0VnVhmgKFa2pEFz9fdEhoXWExHaToHNSC97M/E/r5ua6CbImExSQyVZLIpSjkyMZp+jAVOUGD6xBBPF7K2IjLDCxNh8SjYEb/nlVdKq17yr2uV9vdK4yOMowgmcwjl4cA0NuIMm+ECAwTO8wpsjnRfn3flYtBacfOYY/sD5/AG2vo3n</latexit>

q2

<latexit sha1_base64="eorg7FGglqlxpyj313/BuLCM4WI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CbaiBym7RdRjwYvHCvYD2qVk02wbm03WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPmlomitAGkVyqdoA15UzQhmGG03asKI4CTlvB6Gbqt56o0kyKezOOqR/hgWAhI9hYqVl+PO1Vy71iya24M6Bl4mWkBBnqveJXty9JElFhCMdadzw3Nn6KlWGE00mhm2gaYzLCA9qxVOCIaj+dXTtBJ1bpo1AqW8Kgmfp7IsWR1uMosJ0RNkO96E3F/7xOYsJrP2UiTgwVZL4oTDgyEk1fR32mKDF8bAkmitlbERlihYmxARVsCN7iy8ukWa14l5WLu2qpdp7FkYcjOIYz8OAKanALdWgAgQd4hld4c6Tz4rw7H/PWnJPNHMIfOJ8/F9+OGA==</latexit>

q02

<latexit sha1_base64="S4KCpHmaXh2e4/RRItIwYmQrJfk=">AAAB7HicbVBNSwMxEJ31s9avqkcvwVbwIGW3inosePFYwW0L7VKyabYNTbJrkhXK0t/gxYMiXv1B3vw3pu0etPXBwOO9GWbmhQln2rjut7Oyura+sVnYKm7v7O7tlw4OmzpOFaE+iXms2iHWlDNJfcMMp+1EUSxCTlvh6Hbqt56o0iyWD2ac0EDggWQRI9hYya889i4qvVLZrbozoGXi5aQMORq90le3H5NUUGkIx1p3PDcxQYaVYYTTSbGbappgMsID2rFUYkF1kM2OnaBTq/RRFCtb0qCZ+nsiw0LrsQhtp8BmqBe9qfif10lNdBNkTCapoZLMF0UpRyZG089RnylKDB9bgoli9lZEhlhhYmw+RRuCt/jyMmnWqt5V9fK+Vq6f53EU4BhO4Aw8uIY63EEDfCDA4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AG4Q43o</latexit>

q3

Fig. 5: Raster plot: activity of the BRNN composed of synfire rings simulating the 2-tape TM of Figure 1 over input 000111000b. The time and the network’s
cells are represented on the x and y axes, respectively. Each “wave-like” horizontal trace represents the activity of a specific synfire ring (cf. Figure 3). From
bottom to top, and delimited by blue lines, we have: the 4 input cells ‘start’, ‘tic1’, ‘tic2’ and ‘tic3’, the cache, symbol and positions rings associated to the
first tape, the cache, symbol and positions rings associated to the second tape, and the program rings. Every time ‘tic1’, ‘tic2’ or ‘tic3’ spikes, the activities
of the cache rings, the program rings and the symbol and position rings are modified, respectively. After each spike of ‘tic3’, the network enters into a new
configuration. The sequence of configurations of the network form its computation. To facilitate the reading of the raster, the states, symbols and positions
encoded by the activities of the program rings, cache rings and position rings are written on top of their respective traces, respectively.

• the symbols on the first tape are never rewritten, mean-
ing that the successive contents of the tape remain as
000111000b.

• the successive cache symbols associated to the first tape
are: 0, 0, 0, 0, 1, 1, 1, 1, 0, 0, 0, b, b.

• the second head performs the following successive
moves: S, R, R, R, L, L, L, L, R, R, R, S.

• the successive contents of the second tape are: bbbbbbbbbb,
bbbbbbbbbb, 0bbbbbbbbb, 00bbbbbbbb, 000bbbbbbb,
000bbbbbbb, 001bbbbbbb, 011bbbbbbb, 111bbbbbbb,
011bbbbbbb, 001bbbbbbb, 000bbbbbbb, 000bbbbbbb.

• the successive cache symbols associated to the second
tape are: b, b, b, b, b, 0, 0, 0, 1, 1, 1, b, b.

These features correctly match to the successive positions,
symbols read and symbols written by the TM’s heads, as
described in Computation (2). A movie displaying the com-
putation of this network over input w = 000111000 can be
downloaded here. The code to reproduce the results is available
on GitHub: https://github.com/JeremCab/SynfireRings.

VI. CONCLUSION

We proposed a novel Turing complete paradigm for neural
computation based on synfire rings. With these achievements,
we do not intend to argue that brain computational processes
really perform simulations of Turing machines in the way
described here. Rather, our intention is to show that a neu-
ronal paradigm for abstract computation based on sustained
activities of cell assemblies – the synfire rings – is possible
and potentially exploitable.

For future work, we intend to generalize the proposed
results to the context of more biological neural networks,
where the cells dynamics are driven by the Hodgkin-Huxley
differential equations and the patterns of connection based on
more realistic features.

In biology, reliable logical gates have been implemented
in vitro, via geometrically designed neural cultures [30, 31].
The living neural networks are forced to grow on quasi-one-
dimensional configurations which enable precise input-output



patterns of activity. Along these lines, similar biological im-
plementations of our construction would lead to the realization
of biological neural computers.
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