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ABSTRACT 
A new address-event coding technique for off chip 
communication in neuromorphic and other perceptual 
systems is presented. Unlike all known solutions for 
address-event communication, our technique is able to 
individually identify a plurality of colliding events without 
arbitration thus preventing loss due to collisions. The 
proposed encoder is based on the error correction coding 
theory. The technique enables precise event timing by 
producing codes at a very fine time scale (e.g., Ions). 

1. INTRODUCTION 

It has been proposed, that an address-event representation 
(AER) would be appropriate’ for communicating neuronal 
activity from’one chip to another[2][6]. When a neuron 
fires a pulse ( i s . ,  an “event”) on an event bus, the identity 
of a firing neuron (i.e., its “address”) could he 
communicated to the second chip. Since the time is 
inherently measured across the entire system, the neuronal 
activity expressed in temporal periods and firing rates can 
be communicated to a second chip. Alternatively, time 
stamps could be associated with each address as to 
preserve event timing in irregular pipelined systems. 

Biological neurons fire infrequently, from a few Hz to a 
couple of hundred Hz. This signaling scheme saves energy 
in biological systems, but leaves neuronal “wiring” 
underutilized. It has been suggested [ 1 j[4] that the speed 
of electronic circuits can be traded for connectivity of 
nervous systems by sharing a few wires to communicate 
(infrequent) events from many artificial neurons while still 
preserving the timing of events to a very fine time scale. In 
fact, due to this wire resource sharing, signaling rates in 
artificial perceptual systems can he in order of IOMHz 
[91[81. 

There can be thousands of neurons firing their “events” on 
thousands of wires of an event bus. The task of an address- 
event encoder is to receive these many events, correlate the 
precise timing of their occurrence with the identity of the 
corresponding neuron, and timely communicate address- 
event pairs off-chip. It is trivial to encode an address of a 
single firing neuron. A problem arises when several 

neurons fire simultaneously thus causing event collisions at 
the address-event encoder and shared wiring resources. 

2. Existing Address-Event Coding Schemes 

There are essentially two existing techniques that partially 
solve the problem of address-event coding when 
simultaneous events occur on the event bus. 

2.1 Arbitrated Coding 

The first technique originally proposed by Mahowald [2] 
and subsequently further developed by several researchers 
[3j[61 arbitrates among colliding events. It selects one 
event at a time, encodes its address and communicates the 
address off chip. A binary tree search implemented in a 
circuit has been proposed to speed up the event selection 
process. Still this search takes time that is at best 
proportional to the number of events queued for 
arbitration. During that time, new events could be arriving 
and joining the arbitration process, causing the system to 
lose time associated with each event; although a new event 
originates at a later point in time, as it enters the arbitration 
process it could be selected and read before the older event 
that is still waiting a selection. One remedy for this time 
confusion is to latch the event bus thus keeping new events 
from entering the selection process until the current set of 
events is completely encoded. Still some time uncertainty 
remains; while the current set of events is being examined, 
new events are queuing in the background. At what time 
these new events fired is not precisely known; the best one 
can say is that they fired during the time period the 
previous set of events was handled. Furthermore, as time 
is spent to search and encode events in one bus state, the 
chance that there will be collisions in the next bus state 
increases. The faster one can examine each bus state, the 
less chance for many collisions in the incoming event bus 
state. In fact, in extreme situations, the arbiter may just 
partially encode some events, discard the remaining events, 
and move on to the next sample [3]. 

2.2 Non-Arbitrated Collision-Detection Coding 

The second method proposed by Mortara et al. [4][6] does 
not arbitrate but uses a binary encoder with a special 



collision detection code. This method allows the event bus 
to be frequently and regularly sampled. When a single 
event occurs, the encoder provides a “va l id  code whose 
value indicates the address of the event. This is 
communicated to the second chip. When a collision occurs 
on the event bus, the encoder provides an “out-of-valid- 
set” code indicating that the collision occurred. Generally, 
it is not possible to tell from this code how many and 
which events collided. All that can he concluded is that the 
collision occurred and that the system should not trust the 
produced code to encode any events. The encoder uses 
about (log2N + 2) bits to detect collision on an event bus 
with N wires. For example a 1000-wire event bus would 
require about 10+2=12 hits. The 2 bits are necessary 
overhead to provide collision detection [41. 

This method has the advantage of sampling and encoding 
event bus within a small temporal snapshot (e.g., 10-2011s). 
Unlike with the arbitrated approach, this technique 
minimizes the chance of collisions in the next time 
increment. 

However this technique is “lossy” address-event encoding 
of the neural event activity since the collisions will he 
thrown away. The argument is that the loss due to 
collisions in  both arbitrated and non-arbitrated cases can 
he tolerated in a statistical sense as the neurons 
periodically generate new events that are unlikely to 
collide in another period, therefore the receiving circuits 
could still be able to reconstruct neural activity received 
from the sender chip [51. 

3. New Lossless Address-Event Encoder 

The present breakthrough is in a new event encoder that 
allows dense and regular temporal sampling (e.g., every 
10-2011s) of the event bus while providing “lossless” 
encoding capability for telling the identity (is.,  address) of 
up to 1, t>=Z colliding events. If there are more than t 
simultaneous events, then their addresses are not 
recoverable and they are lost. The number f is determined 
by the size of the encoder. As will he seen in Section 5 ,  
practical implementations for t=/2,3, ..., 8) are readily 
possible and statistically meet the requirements of 
demanding address-event systems. 

The idea is based on the error correcting code (ECC) 
algebra over finite binary Galois Fields, GF(2) [lO][ll]. 
In ECC k-information bits are encoded into an n-hit code c, 
where n>k. The n-k redundancy bits allow error correction 
at the receiver end. The received word r is a result of the 
channel inflicting bit errors onto the sent code word c, 

r = c + e  

where e is the error pattern with “I” at locations where the 
code word c bit was altered. In the GF(2) arithmetic ‘ + I  

stands for logical XOR and multiplication stands for 
logical AND. The receiver needs to answer the question 
“what was the transmitted code word c”. It tums out it is 
easier to answer the question “what was the error pattern e 
inflicted by the channel”. Once the receiver knows e it can 
“undo” the channel damage from rand  recover c. 

In order to recover e the receiver usually computes a 
syndrome s of the received word r. For this purpose, the 
receiver can use parity check matrix H. The matrix H is 
determined by a particular ECC code selected. It has the 
property that Hc=O. The syndrome is computed as: 

s = H r  = H ( c + e )  = H c +  H e =  He 

Generally, for ECC codes that can correct f hits in the code 
of length n: $“-’I 5 n s 2” - I ,  the syndrome is 2.t .m hits 
wide. In binary case, however, it is t .m hits wide because 
some rows of general matrix H can be dropped and the 
desired syndrome can be calculated based on other rows of 
U. The decoding process in ECC theory deals with 
different ways how to recover e f roms  [lO][ll]. 

3.1 Syndrome Event Coder: Encoding Many 
Simultaneous Events 

Returning to the problem of recovering where the events 
occurred on the event bus, one can observe that the error 
pattern e looks like the state of the event bus with “Is” 
where events occurred and “Os” elsewhere (see Figure I ) .  
Therefore, by computing the syndrome as s = He , the 
exact pattern of e can he recovered from s provided that 
there are no more than i “1s” on the event bus at any given 
time. As a brief analysis in Section 5 shows, it is unlikely 
to observe more than 8 simultaneous events, if any, within 
a Ions interval even for very rapidly firing neural nodes. 
Therefore, the size of the syndrome t .m is reasonable and 
easily implemented in VLSI. 

event bus 
n parallel wires. up tot ‘Is” 

0001100 ... 101000 

O T  
E n : 2(”.’) 5 “ 5 2” - 1 

Figure 1: Syndrome Address-Event encoder 

4. VLSI Implementation 

W e  will introduce the circuit implementation using a 
particular example based on BCH cyclic ECC codes 
[lO][ll]. BCH is a large class of powerful random error- 
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correcting cyclic codes. Assume that there are N=2‘- f=15 
neurons whose identity needs to be recovered. Also assume 
that we wish to design an encoder capable of recovering 
addresses of up to 1=2 simultaneous events. The parity 
matrix for this example is: 

1 0 0 0 1 0 0 1 1 0 1 0 1 1 1  
0 l 0 0 1 l O l 0 l l l l O 0  
0 0 1 0 0 1 1 0 1 0 1 1 1 1 0  
0 0 0 1 0 0 1 1 0 1 0 1 1 1 1  
1 0 0 0 1 1 0 0 0 1 1 0 0 0 1  
0 0 0 1 1 0 0 0 1 1 0 0 0 1 1  
0 0 1 0 1 0 0 1 0 I 0 0 1 0 l  
0 1 1 1 1 0 1 1 1 1 0 1 1 1 1  

H =  

It is observed that the parity matrix dimension is N Xtm . 
The syndrome calculating circuit is a simple network of 
XOR gates wired to appropriate inputs. The block diagram 

event coding, we consider a particular encoding of code 
words c to construct parity check matrix H. We never 
encode any messages nor send any codes c,  except 
permanently presenting c=O on the event bus. When events 
occur, the code c=O becomes “corrupted” resulting in hit 
pattern e .  By decoding the syndrome s, we find locations 
of events in hit pattern e .  

There are several ways for recovering the locations of 
events from the syndrome produced by the chip. 
Algorithmically the most efficient known methods are 
Berlekamp’s iterative algorithm, and Chien’s search 
algorithm [lO][ l  I]. These would be appropriate for 
software implementation. For fast hardware 
implementation, probably the majority-logic decoding may 
be more appropriate due to its regular structure. 

5. Performance Analysis 
- .. . 

for this example is shown in Figure 2. Event firing “anywhere in the network” is well described 
by the Poison .distribution [4][9]. The probability that k 
simultaneous events occur during a sampling interval Tis 
given by: 

(Nf T)’ e-Nf.T p ( k , N ,  f,,T) = k! 
where N is the number of neurons, and f, the average 
activity rate for each neuron. The average firing rate in the 
system is determined by simultaneous tiring of all neurons 
and is: 

Figure 2: Coder circuit. Only five rows are shown, the 
first four and the last. 2 = N!, 

A bit more detailed wiring using 2-input XOR gates is 
shown in Figure 3. Here a fully serial cascade of 2-input 
XOR gates is shown for this small example. A binary tree 
arrangement of 2-input XOR gates would he more 
appropriate for large N as to minimize the propagation 
delay. Even for large N (e.g., 1024) it is readily possible to 
achieve propagation delays of less than Ions [12]. 

Figure 3: 
syndrome bit from Figure 2. 

Serial 2-input XOR gate wiring for the first 

In this analysis, we assume that the event bus is sampled 
each T seconds. While one sample is being encoded 
during T seconds, no additional events are allowed to enter 
the encoding process. However, any events that may have 
fired during the current encoding interval are queued and 
will he sampled and encoded in the next sampling interval. 

Next we illustrate that for reasonable output bus sizes (e.g., 
32 and 64, or even 124 hits), a sufficient number of 
simultaneous events I can be encoded achieving de facto 
lossless event communication. First, we calculate the 
probability that more than I events fire simultaneously: 

Notice that in conventional ECC practice, the syndrome is This is also the probability of loss since it represents the 
computed using the received word r. In fact, direct probability that the maximum designed encoding capability 
computation based on matrix H is rarely done. In t was exceeded resulting in loss. Next we select a 
communication systems, error correction hardware is probability of loss to be 1% and calculate the maximum 
structured to take advantage of the fact that the received neuron firing rate for two examples, N=256 and N d 0 2 4 .  
bits are sequentially streaming into a receiver. In address- In our calculations we use T=lOns. Results are shown in 
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Table 1. For comparison we also calculated the probability 
of loss for the collision detecting code for the same 
conditions, Since the collision detecting code losses any 
two or higher order collisions, its loss is expectedly much 
greater. The arbitrated encoder would exhibit even greater 
loss in this example, First, it would have difficulty 
achieving Ions-processing period if the typical binary 
search circuit with forward and backward pass is used [3]. 
Second, the arbitrated coder would probably need to resort 
to encoding only one event among many in order to 
preserve any kind of coherence at firing rates shown in this 
example. 

It is interesting to note that the proposed coder scales well. 
The structure of the parity matrix H ,  does not change as 
additional rows are padded to enlarge its error detection 
capability f .  Therefore, one can envision designing a 64- 

32birs + t = 3  2 .3~10’  [evenfs l s ]  8OKHz 0.01 0.20 
1023+m=lO - 

64birs + f =6 8 . 2 ~ 1 0 ’  [evenfs l s ]  228KHz 0.01 0.67 - 

bit (or 128-bit respectively) syndrome bus internally on the 
chip, but only decoding the first 32 bits (or 64 bits 
respectively) of syndrome. Then if the number of errors 
exceeds t/2, the remaining 32 (or 64 bits respectively) bits 
would be also considered to gain the full event detection 
capability f .  

6. Summary 

A simple yet powerful address-event coding technique is 
described. The produced code enables the recovery of 
addresses of multiple colliding events without arbitration. 
We believe that the functionality afforded by this 
technique will play an important role for new advances in 
neuromorphic and other perceptual systems. 

Table 1: Performance illustration for the proposed address-event encoder. The sampling period in this example is T=lOns 
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