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ABSTRACT

B iological neural netw orks are based upon axonal pontto-point connections w hich nsgpire connectionist architecture.
A swe attem pt to engineer ever larger analogues of these neural netw orks w e are forced to m ultplex neural signals over
tim e shared paths. This can alter tim Ing of neural nform ation, w hich is critical n real-tim e oscillatory netw orks. B ecause
shared paths nduce extra delay due t© muldplexing signals, traveling on the channel and passing through routing
devices, guaranteeing event arrival deadlines across the com m unication process becom es crucial. This paper addresses
issues related o the guarantee of event tim ings w ith arbitrary deadline constraints In real-tim e distrbuted spking neural
network system s based on token-ring architecture. To achieve this cbjective, we propose an htegrated method In
selecting key system param eters. W e show that several param eters m ust be set carefilly if event deadlines are to be
satisfied. The token holding tine (THT) param eter controls the bandw idth allocation for each node In the token-ring
netw ork, and m ustbe set properly t© avoid deadline m isses. The arget token otation time (TTRT) determ ines both the
goeed of token circulation and the netw ork utilization availbble to nodes. TTRT should also be chosen carefully to ensure
that the token circulates fast enough while m aintaining a high available utilization. A s prove of concept, the propossd
m ethod is applied t© a mulb-board spking neural netw ork system hosting up t© 140 analog neurons spread across 7
circuitboards. Experim ental analysis show s that deadline constraints are guaranteed along w ith bandw idth allocation
faimess when applying the proposed m ethod.

K eyw ords: B lo-lnspired system s, spiking neural netw ork, token-ring architecture, token-passing com m unication, r=al-
tim e distrbuted system s

1. NTRODUCTION

There has been rapid progress in the developm ent of techniques for m odeling biological neural functions in hardw are
architectures. Sin ultaneous w ith these developm ents, the field of com putational neuroscience has begun to yield new
Tsights into the neurobiological substrates of pattem recognition, perception, cognition, m em ory and consciousness [1].
N eurom orphic system s engineering 23] em ulates both stucture and fimction of biological neural system s In silicon. To
date, facsin iles of the mitial stages of visual and auditory nfomm ation processing have been inplem ented on single
m icrochips 4-8]. However the complexity of neural com putation beyond sensory perception requires a multichip
approach and a proper com m unication protocol betw een chips to Inplem ent higher levels of processing and cognition
©].

N eurom orphic engineers have adopted tim e-division m ultplexing to achieve m assive connectivity n m ultbchip system s,
hgoired by its success In telecomm unications [10] and computer works [11]. M uldplexing leverages the 5-decade
difference 1 bandw idth between a neuron hundreds of Hz) and a digial bus (Ens of M H z), enabling us t© replace
thousands of dedicated pontto-point connections w ith a handfiil of high-gpeed m etalw Ires and thousands of transistors.

T adapting existing netw orkIng solutions, neurom orphic architects are challenged by huge differences between the
requirem ents of com puter netw orks and those of neurom orphic system s. W hereas com puternetw orks connect thousands
of com puters at the building- orat cam pus-level, neurom orphic system s need to connectm illions of neurons ata chip-or
circuitboard level [13]. Hence, they must In prove the efficiency of tradibonal com puter com m unication architectures,
and protocols by several orders of m agnitude.

In 2], Culirciellb and Andmu propose a compamtive study of access topologies for chip-level comm unication
channels. C lassical acoess techniques such as artbitration, scanning, ALOHA , and priority encoding are com pared by



assessing throughput, latency and pow er consum ption. They provide guidance in choosing the access algorithm  for the
appropriate bio-ingpired application w ith efficient tranam ission of nform ation and reduced latency. Tn [13], the author
quantify tradeoffs faced 1n allocating bandw idth, granting access, and queuing, as well as throughput requirem ents for
arbiterad and non-arbiered channels. However, t© our know ledge, there is no study treating the token-ring access
topology I neurom oxphic system s, neither as an attractor topology to consider in the future com m unication system s nor
as a discarded solution forw eak perform ance. This w ork proposes to use token-ring based architecture to process neural
data at chip- or circuitboard kevel. lnspired by traditional token-ring netw orks [18], we have adapted an existing token-
1ring access technique [19,20] to the contextof neurom orphic system s.

The suiability of token-ring based architecture forem bedded distrbuted real tim e applications derives notonly from is
flexibility and sim plicity to inplem ent, but also fiom its property of a bounded access tim e. The bounded access tine
provides a necessary conditon to guarantee real-tim e deadlines. The flexibility and the sim plicity allow ease change In
netw ork param eters w hich can in prove the responsiveness and the lJatency of the netw ork . The netw ork param eters m ust
be setcarefully to adapt the netw ork regponsiveness to the contextof spiking neural netw ork system s [14].

A tnetw ork nitHalization tim e, a param eter called Target Token Rotation Time (TTRT) isdeterm ned w hich indicates the
expected token rotation tim e. Each node is assigned a fraction of the TTRT . D uring this period, the node is pem itted t©
tranam tevents every tin e it receives the token. The netw ork param eter that represents the tranam ission tim e is called the
Token Holding Tine (THT).A proper sslection of these param eters ensures that the token circulates fast enough while
m aintaining a high available utilization of the channelbandw idth.

Taking Into account the ncreasing level of realiom in neural sin ulation, this study quantifies the needs of real-tine
disobuted soking neural networks In term s of time precision, and proposes an hntegrated method I selectng
appropriate netw ork param eters. Section 2 outlines the fram ew ork of the study. Section 3 theoretically approaches a
solution for selecting netw ork param eters. Trprovides a com plete bandw idth allocation schem e thatguards against tim ing
failure. A token-ring access algorithm is then proposed t© convey neural nform ation throughout the system . The last
gection describes our spiking neural netw ork system em ulating up to 140 spiking neurons goread across 7 circuitboards.
Experim ental quantification of the proposad access technique show s that the system guards against deadline m isses.No
m atterw hathappens funless there is a netw ork fault) , events w illbe transam ited before theirdeadlnes.

2. FRAM EW ORK

This section describes the fram ew ork of our study . First, both netw ork and m essage m odels are defined as well as their
rlated constraints. Second, some of tim e properties of token-ring topology are addressed. These properties w ill be
abundantly used in the subsequent section t© define a m ethod for netw ork param eter selection. Third, a perform ance
m etrdic that has comm only been used for real-tim e processing and real-tim e com m unication is defined t© determ ne the
w orst case achievable utilization of the netw ork .

21 Network and m essage m odels

The network contains n nodes ananged In a ring. Each node hosts N neurons. N eurons generate events that w ill be
encapsulated and transform ed to m essages Tn oxder o be conveyed Tnto the com m unication channel. O utgog m essages
ata node are assum ed t© be queued In FIFO oxder. Tt is also assum ed that m essage tranam issions are done via one-to-
m any broadcast to conserve bandw idth . The netw ork is supposed to operate w ithoutany faults. The follow Ing patam eters
characterize the netw ork.

e TTRT isthe target token rotation tim e. This param eter ndicates the expected token rotation tim e.

e 1 isthe token walk tim e. Ik mcludes the node-to-node delay and the token tranam ission tim e. T is the proportion
of TTRT thatisnotavailble form essage tranam ission.

There are n sream sof messages, S, ... S,, w ith stream S; Incidenton node 1. S; m ay contain tw o sortof m essages: real-
tim e-constrained m essages and m em ory-constrained m essages. The real-tim e-constrained m essages are events (gpikes
wih timesamps) exchanged between neurons n the network; while memory constraned-m essages represents the
gimulation data resulted from synaptic change variation. Each real-tin e-consttamned message, or goike, must be
r=directed o the target neuron before the expiation of an atbitrary fixed deadline, which determ nes the required
precision In the concidence of spike occunence. n contrary, m em ory-constrained m essages do not have any r=al-tin e



constraint but instead they happen in a large num ber and, therefore, they need a large m em ory space allocation t© be
stored before their tranam ission.

Each sream S;m ay be chatacterized asS; = @;,C;, THT;), where

e A ;reprecents the activity of a node i. This param eter reflects the goike generation frequency of a given node i. T
also reflects the offered load of real-tim e-constrained m essages of the node i

e C;represents the afferent connectivity of the node i. This param eter serves to determ Ine the num ber of synaptic
changes that occur during simulation process and therefore, the num ber of m em ory-consttained m essages
presentatthe node i.

e THT; is the token holding tim e of the node i. This param eter represents the am ountof tim e forwhich the node i
can tranam it s m essages.

W e assum e that all nodes have the sam e com putation and com m unication power as well as the sam e tim e properties.
Therefore, the follow Ing param eters are shared by allnodes:

e D isthe relative deadline of real-tim e-constrained m essages In the stream . The relative deadline is the m axin um
amount of tine that m ay elapse between a m essage anrival and a com pletion of its transm ission. Thus, the
tranam ission of the j-th real-tim e m essage In stream S;, which arrives at 5, mustbe completed by G+ D .

e D, is the rlative deadline of m em ory-constrained messages In the sgeam . This deadline represents the
maxinum amountof tm e allow Ing m em ory-constrained m essages o say Mo the buffer of outgoing m essages
aw aiting theirtranam ission. Tt isused to assess w hether the buffer size of cutgoing m essages is enough ornot.

e {isthemaximum amountof tim e required t© transm itam essage i the stream .
22 Constrannts

The deadline constraint: Th soiking neural netw orks, signals can be delayed getting onto shared channel, traveling on the
channel, and passing through gatew ays or other routing devices along the channel. Each potential delay goes hand in
hand w ith som e Increm ent n variability in arival tim e at the destination. This can m ask subtle but real differences in
event tin Ing represented by the amival tine at the receiving neuron and, thus, hterfere with the dynam ics of the
Ihtegration process being m odeled fora certain type of cellbody . Tt can also nterfere w ith the leaming m echanisn if itis
based upon spike tim Ing dependent plasticity mile requiring local form ation about the conelation of pre- and post-
synaptic activity. To avoid the variabiliy due t© the communication delay, we define the deadline constraint. This
constraint simply states that every m essage m ust be tranam itted before its deadline. Fomm ally, let s;; be the tin e that the
tranam ission of the j+th message In stoeam S; is completed. The deadline constraint implies that fori= 1,. n and
j =1 r2 Py

s;< t,+D @)

where t; isthe amrivaltineand D the deadline.

The bandw idth allocation constramnt: This constraint states that bandw idths on all nodes must sum t© Jless than the
available netw ork bandw idth. On the otherwords, the THT on allnodes must sum to less than TTRT m Tnus the token
wak tin e,

D THT,<TTRT -7 @)

=1
2 3 Token visitnum ber

T orer to guarantee m essage deadlines at a node, it is necessary t© have som e mform ation regarding the frequency of
token visits to that node. Forimately, extensive studies have already been carried outon the tim ing properties in token
1ring netw orks [15]. The generalized Johngon and Sevicik’s theorem can be used to derive the follow Ing result.

T any intervaloftime D , the token w ill visitnode iatlastv; timeswhere



v, = L — J (the sym boll x] refers to the floorofx) 3)
* LTTRT

Tn each of these visits, node ican use its ull TH T; t© tranam it its sream ofm essages (ifany).

This property w ill be used In the section 3 to determ ine the THT; of each node as well as the optimal TTRT value that
optin izes the netw ork responsiveness w hile m aintaining high channel utilization.

2 4 Perform ancem etric

To gauge the perfom ance of the system , it is necessary to have an appropriate perform ance m etric. A m etric that has
comm only used for real-tim e distrbuted system s is the w orst case achievable utilization. Let us sart by defining the
effective utilization, U ;, of a m essage setof a node i. The effective utilization is also called the nom alized offered load
T the literature. T the context of spiking neuralnetw ork system s, thism etric m ay be defined as,

U,=A,.0+C,)5 @)

where A is the frequency of producing real-tim e-constrained m essage and A ; C; the frequency of producing m em ory-
constraned m essage In the node 1. Thus, A ;.(1+C;) represents the fisquency of the generation of outgoing m essages in
the node 1. M ultplying this value by the transam ission m essage time §, the effective utilization U ; reflects the foreseen
utilization percentage of the com m unication resources required forthe node 1. Equation @) leads to the effective netw ork
utlization, U , by sum m Ing the utilizations ateach node in the netw ork,

U =) A.0+C,)5 6)

=1

A real-dm e comm unication protwool W ih a given setting of its param eters) has an achievable utlization U if it can
m ect the deadlines of any m essage et w ith utilization no more than U ’. For exam ple, if a netw ork has an achievable
utilization U’ = 0 5, then allm essage sets w ith utilization U < 0 5 w ill have theirm essage deadlines satisfied.

Consequently, t© assess the perform ance of a scheme for choosing netw ork param eters, we define the worst case
achievable utlization U * of a netw ork as the least upper bound of the achievable utilizations. H ence, the netw ork can
m et the deadlines of allm essage sets w ith utilization no m ore than U * . The w orst case achievable utilization is usually
determ ned w hen the system s subm itted to the w orst case situation. n section 4, w e discuss the w orst case situation that
can happen i spiking neural netw ork system s.

The in portance of the w orst case achievable utilization U * is that it relates to the fundam ental requirem ents of sability
and predictability n hard real-tim e environm ents. If the utilization of a message set is no more that U*, it can be
predicted that all of m essages w il m eet ther deadlines. This is because the deadline of all m essage sets w ith utilization
no more than U * are guaranteed to be m et. U * also provides a m easure of the sability of the system . The param eters of a
m essage set can be freely m odified while the utilization rem ains less than U *. This gives a certain am ount of system
sability n the face of changes to m essage setparam eters.

3. AN INTEGRATED M ETHOD FOR NETW ORK PRAM ETER SELECTION

T this section, we propose and analyze an integrated m ethod for allocating bandw idth at each node 1 =0 that the tine
constraits of real-tin e-constrained m essages are guaranteed to be met. Both THT and TTRT param eters are derived
from a Jocalbandw idth allocation schem e. B aged on the pre-determ ined netw ork param eters, an access algorithm  is then
proposed to organize com m unication channel access.

31 Selecting THT :a localbandw idth allocation schem e

A s m entioned earlier, the selection of appropriate values of THT is a crucial step In m eeting m essage deadlines. The
node param eters (@iven by the A ; and C;) and the netw ork param eters (iven by 1 and TTRT) should be the dictating
factors for the allocation of the THT;.W e define an allocation schem e as an algorithm which, when given as mputs the
values of all node patam eters and netw ork param eters, w ill produce as output the values of the TH'T; to be allocated t©
the node i1 the netw ork . Form ally, let the finction f representan allocation schem e. Then,

f® ,c,,A,.C,....A C_ 7, TTRT,5 D)= (HT, THT,,...,THT, ) 6)



ATocation schemes in token ring networks may be divided into two classes: local allocation schem es and global
allocation schem es. These schem es differ In the type of Infomm ation they may use. A local allocation schem e uses only
the mfom ation available locally to node 1 n allocating THT;. Locally available nform ation at node i inclides the
param eters of sream S;.T and TTRT are also locally available atnode ibecause these values are known to allnodes.On
the otherhand, a global allocation schem e can use global Inform ation related t© the othernodes in its allocation of THT ;.
G Iobal nfom ation includes both Information locally availbble to nodes and extemal nfommation regarding the
param eters of m essage stream s incident on other nodes. A local schem e is preferable from a netw ork m anagem ent
perspective. If the param eters of the steam S; on node 1 change, then only the THT; need to be recalculated. THTs at
other nodes need not change because they were calculated independently of S;. This m akes local schem e flexble and
suitable for use n dynam ic environm ents. Therefore, this paper focuses on local allocation schem es and proposes a
dedicated schem e for spking neuralnetw orks.

How should the THT; be allocated? A message mustbe sentw ithin D tim e units of arrival if it is to m eet its deadline.
U sing the tim e property of token ring netw orks regarding the num berof visits to node iIn D tim e units, w e have at least
V‘:L D _lJ visits. This suggests that for a m essage atnode ito m eet its deadline, the THT; m ust be sufficient to send
* L TTRT

the m essage In v; visits. O n average, the num ber of m essages anriving ata node n a given tim e Intervalm ustbe equal to
the num ber of m essages that the node can tranan it in the sam e interval. A ; (1+C ) 8 can be loosely regarded as the offered
Joad of the node 1. Considera tim e ntervalof length D ,A;(1+C;) 0 D is the traffic dem and on node 1during this nterval.
Forthe flow t© be balanced, A ;1+C;) 0 D mustbe tranan itted In every interval of length D . Since the node can tranam it
m essages v; tim es during the tim e ntervalD , the follow Tng equation proposes an allocation schem e of THT;,

A, .l+C,)0D 7)

E

The sam e equation (7) m ay be rew ritten using the effective utilization of the node idefined In @),

THT, =

_UsD @)
e
TTRT

Tn the rem ainder of this section, we have chosen an allocation schem e that uses only local param eters t© determ e the
am ountof tranam ission tim e n each node. This schem e is adapted t© the needs of spiking neural netw ork system s. Tn the
next section, we show how the optimalvalue of TTRT isderived from this allocation schem e.

THT, =

32 Selecting TTRT : m axin izing the w orst case achievable utilization

The target token rotation time (TTRT) has a direct in pact on the token circulation goeed and netw ork regponsiveness.
Therefore, it should also be chosen carefully to guarantee m essage deadlines. This section starts from the Jocal allocation
schem e proposed In 8) and the w orst case achievable utilization defined In @) t© determ ine the optim alvalue of TTRT .
The optin alvalue of TTRT is Intended to m atch w ell the purpose of guaranteeing m essage deadlnes.

W hen allnodes are fully busy having the m axinum numberofm essages to transam 1), they use the m axinum pem ited
time (THT,.) t tananm it their m essages. A coording to the hypothesis sating that all nodes share the same time
properties, TH Ty,  is the sam e forallnodes.Referring to ), TH T, & IS quantified by

TTRT —7
THT =———

max

©)
n

The case where all nodes use all of their m axin um allocated bandw idth (THT,, ..), must be the worst case that m ight
happen in spiking neural netw ork system s. Thus, the offered load on a node reaches its m axinum , and the achievable
utilization, U 1, becom es the w orst case achievable utdlization U ;* .Hence, 8) and 9) lead o,

_TIRT-7 _ U/D 10)

THT, 0 = 5 .
TTRT




(10), In tum, gives the w orst case achievable utilization on the node i,

U;:TTRT—T[ D 1J a1)

nD TTRT

Using (5),we deduce the w orst case achievable utilization of the w hole netw ork,

y:_TIRT-z| D _ a2)
D |[TTRT

To determ Tne the optim al TTRT value thatgoes hand 1n hand w ith the m ain purpose of the allocation schem e described
n (7), the worst case achievable utilization of the netw ork, U *, described in (12) has to be m axin ized . The idea behind
maxin izing U* comes fiom the fact that m essage deadlines are guaranteed for any achievable utilization am aller than
U *.0n the other hand, m axim izing U * helps t© cover the largest range of param eter settings. Thus, it is sufficient to
assess system perform ance w ith the utilization U * to draw a conclusion about constraint satisfaction .

M axin izing U * ram ains to m axin ize the floor of D —1 . Thatm ightbe obtained only iF_ D dsan nteger. In that
TTRT TTRT
case, (12) becomes
Ut =1 T _TTRT—T 13)

TTRT D

As we attempt to determ ne TTRT parameter when U* is maxin ized, we derive (13) tgking TTRT as the unique
variablk.A sa result, U * maches Ism axinum ata certain value of TTRT, called TTR Ty, determ ined by

TTRT,, =7 D (14)

Fig.1 plots the w orst case achievable utilization as a fimction of TTRT and that forarbitrary fixed values of the deadline
D and thetokenwalk timet (€ = 0.8).kisobvious that TTRT mustbe bounded by a range of values. In fact, from (13) it
can be shown thatwhen TTRT = D, the worst case achievable utilization is nil. Furthemm ore, it becom es negative for
TTRT > D, which hasno physical sense. Thus, the range of the TTRT param eterm ustbe strictly less than the deadline D

and strictly positive. For the proposed schem e, we assum e that the choice of TTRT varies between 1 and D 2 units of
tme.Fig. 1 takes Into account this upperbound and show s that the m axin um w orst case achievable utilization creases
when TTRT Increases. TTRT clearly hasan Impacton the U*.From Fig.1, itcan be seen thatwhen D = 20, TTRT = 4
gives a higherw orst case achievable utilization than otherplotted valuesof TTRT .

ux*

03

——D=20

3\\\

02 —8—D=15

D=10

01

TTRT

Fig.1.The worst case achievable utilization U * is plotted as a function of TTRT . Each curve is obtained for fixed valie of
the deadline D . The m axinum valie of the w orst case achievable utilization reflects the optim alvalue of TTRT . Tt can
be seen thatforD = 20,U * waches ismaximum OrTTRT = 4.Thus, TTRT = 4 unisoftine.



3 3 Satsfying the deadline constraint

This section discusses the satisfaction of both deadline and bandw idth allocation constrants in the proposad allocation
schem e.Referring to (9), the bandw idth allocation constraint is satisfied if THT; doesnotexceed TH T, o - This statem ent
is alw ays ttue because (8) produces values am aller that (10) in all cases. This is due o the fact that the utilization U; is
bounded by the w orst case achievable utilization U * . Thus, the bandw idth allocation constraint is m et when using the
allocation schem e defined In (7).

The deadline constraint is satisfied if the bandw idth allocation constraint is satisfied and bandw idths are allocated using
the scheme in (7). lndeed, the allocation scheme In (7) guards aganst tim ng failure by allocating enough bandw idth to
tranam itallm essages of a node w ithn prefixed period of tim e. To be sure that the total bandw idth capacity is sufficient
o guarantee m essage deadlnes, the w orst case achievable utilization m ustbe less than 1. n thatcase, deadlne constraint
is satdisfied.

34 Accessalgorithm

Ushng the bandw idth allocation scheme described In (7), the access algorithm may be merely a combination of
countdow n tim ers that represent the am ountof tim e of netw ork param eters.

e Token rotation timerof the node i (TRT;). This counter is initialized to equal TTRT, and counts down until it
expires (TRT; = 0) oruntl the token is received and the tim e elapsed since the previous token departure is less
than TTRT.

e Token holding timer (THT;). This counter is used t© control the am ount of tine for which the node i can
tranam itm essages.

A gorithm principles are sinple since the allocation schem e uses only local mform ation to determ ne transm ission tim e.
W henever the node ireceives the token, the countdown tim er TRT; is rehitalized t equal TTRT . The node is allowed
o tranam itm essages during its token possession tim e TH T; calculated using the scheme In (7). The priority is given t©
1=al-tin e m essages © be sent first. If there are no r=al-tin e messages o tanan i, the node sarts sending m em ory-
constraned m essages until the node nns out of m essages or THT; expires (THT; = 0).An active node relnguishes the
token if there isno m essage to tranan torthe m axin um allocation tine (TH Ty, 4) i reached. Tn the case when the TRT;
expires and the node does not receive the token yet, real-tim e constraints rem ain notguaranteed any m ore. This situation
can cause deadline m isses. The sim ulation is then Inm ediately dropped and enorm essage is raised miform ing the user
that system m isbehaviorwas detected . Fig . 2 illustrates an exam ple of access algorithm operation.

TRT countdown tin er

< TTRT 1 TTRT |
”””””” : .
{7 THT, : :
! ——!
i1 ‘T THT,|
n .
Netw ork fault
TRT >0 :
———> H
7' muT, |
n D 10p sin ulation
mr-=ol —————————————————————————— e e — E—
tine
Real-tin e-constzained m essage transam ission - M em ory-constzained m essage transm ission

Fig. 2. Iustation of token circulation and m essage transm ission: n the first token rotation cycle, the token goes through
nodes and triggers the m essage transam ission process. A t the node level, real-tim e-constrained m essages (if any) are
transam ited before m em ory-constrained m essages. Node 3 illustrates the case where there is no real-tin e m essage o
transam it but m em ory-constrained m essages. D uring the second token mtation cycle, a netw ork fault happens (oken
does not reach the node 3). W hen TRT; expires, deadlines are not guaranteed any more and the sinulation is

Inm ediately dropped.



4. CASE STUDY:AMULTIBOARD SPIKING NEURAL NETW ORK

This section describes ourm ulbd-oard system dedicated t© emulate spiking neural netw orks. The system is designed t©
sim ulate adaptive neural netw orks w ith high degree of realism . To m aintain the required accuracy during sim ulations, we
apply the allocation schem e presented n previous sectons t© our system . A fier a brief description of the system , we
describe the access topology w ith an illustration of its operation. Characteristics of comm unication m edia are given
along w ith som e Insights of the transam ission m ode. Finally, a num erical analysis of the application of the Jocal allocation
schem e on our architecture is detailed, show Ing that m essage constraints are satisfied . This section does notm ention the
clock synchronization ordetailed description of any fault sitiation.

41 System description

Fig. 3 show s a photograph of the global system . The current version of our system can host up to 140 neurons spread
across 7 sin flar circuitboards and can be extended up © 400 neurons over 20 boards all connected to a backplane w ith
daisy-chain facilites. Each board is a six lyers fullcustom board which hosts 4 analog ASTCs and one Xilinx
Spartan3™ FPGA . Each ASIC incorporates 5 neurons which compute In analog mode conductancebased m odels
follow ing the HodgkinHuxley formalism [16]. Individual neurons produce In continuous tim e action potentials that
express their htrinsic dynam ic properties as w ell as thelr regponse to stim ulations. N eurons are fully reconfigurable via
param eters that select conductance-basad onic channels and characterize their response t© current nputs 21]. N euron
type, firing 1ate and response to stim ulus can be configured 1n each neuron. W hen the neuron output com pamator detects
an action potential, a digial 1 bitevent is tranam itted to the FPGA . Tn tum, the FPGA transm its the address of the firing
neuron across the com m unication channel according o the token-ring access policy . In the m eantin e, the other FPGA of
other boards scan ncom Ing events and select addresses that have a connection w ith one or m any local neurons. The
sysem  Is designed t© be flexble, providing reprogramm able connectivity. Input events are sslected according to
“Wwiral” connections stored In each FPGA . Fnally, the FPGA com putes synaptic changes follow ing STD P miles [17],
and generates a digital pulse whose w idth encodes the synaptic w eight. This pulse triggers the transition t© the opening
sate of the synaptic channels n each postsynaptic neuron.

Fig.3. @) The global system consists of a rack w ith a backplane connecting up t© 20 boards. nterboard com m unication is
assured by FPGA s nterfacing neurons of a given board to neurons located on otherboards. (o) Each board contains 20
neurons spread across 4 analog ASICs, one FPGA , SDRAM memores and additonal circuitry used to visualize
neurons’ m em brane potential.

The netw otk topology consists of 7 boards connected by pointto-pont links form ing a circle ie., the token ring.A 1-bit
pattem called the token circulates around the ring (from board ito boards +1, #+2,.. untlboard 7, then to boards 1 2,..),
granting pemm ission to send m essages (if any) .M essage tranam ission is done asynchronously overa 64 -bit paralliel bus.
Tnterboard com m unication operates via one-to-m any broadcast to further conserve bandw idth. The m otherboard gives
the kickoff of the token circulation and controls sim ulation evolution by scanning the activity over the parallelbus. Fig. 4

listrates system topology .

The parallel bus is com posed of a handful of 64 meml w ires. Each w ire supports a throughput of 25M bitsk. Since the
FPGA is n charge to transm itm essages over the bus, itm ust regpect the bandw idth capacity of m e@lw ires. Each FPGA

can transm itm essages w ith a throughput of 100M bit/s which must be divided by 4 to m atch w re backplane capacity .
Thus, the am ount of tim e required to tranam it one m essage is 40ns. M essages are then asynchronously tranam itted over



the bus, which signify that there isno clock used to synchronize transam ission betw een boards. This tranam ission r=gin e
causes problem s related to senderfeceiver synchronization because of clocks uncertainties ¢100 ppm in Spartan 3
FPGA oscillator) . To guard aganst m essage reoeption failire, issuer FPG A s code neural nform ation over a period of
40ns In such a way receiving FPGA s are sure to catch the right inform ation . This asynchronous regin e goes hand in
hand w ith the bursty activity of spking neural netw ork .

Token-ring

Board 1 Board 7

N et. nterface

D igital Comm unication Bus (64 w ires) >

Fig.4.A common 64-bitbus ensures data tranam ission, while a ring w Ire transfers a 1-bit token across boards. Each board
com m unicates w ith the rest of the system via a netw ork Interface. An extra board, called m otherboard, is n charge to
oontrol the beginning and the end of token circulation, asw ell as to detectm isoehaviors. On the otherhand, it Iinks the
whole system to an extemalw orksation .

4 2 Application of the bandw idth allocation schem e

This section states the application of the proposed local allocation schem e In the case of our 7-oard system . N etw ork
param eters as well as node param eters are expressed num erically. A s a result, we show that deadline constraints are
satisfied even though the w orst case occurs.

The worst case situation In spking neural networks: Tn spking neural netw orks, when there is a priori know ledge that
not all nodes are lkely t© produce events at the sam e tim e, sim ultaneous activity can happen though. Combined w ih
“all-o-all” connectivity, sin ultaneous activity leads to the w orst case situation. This situation floods the system w ith the
largestnum ber of events w ithin a short span of tim e. Therefore, buffers of ocutgoing m essages w il be flooded by a large
num ber of messages and the demand of communication resources ncreases nsantly. T our system , neurons are
configured to fire atm axin um 100 spikesper second. H ence, the w orst case sitiiation can happen 100 tin es per second.
The system is then periodically faced to the worst case situation W ith a period of 10 m s). The com m unication policy
must deal w ith this critical situation by guaranteeing m essage deadlines and providing enough buffer size to convey
m essages over the bus w ithout any data loss. Tt is cbvious that if deadline constramts are m et when the worst case
happens then they are m et In all other possible cases. It is sufficient to assess constrants for the w orst case situation t©
reach a conclusion about system perform ance.

D eterm ining TTRT and TH T, . param eters: Starting from the hypothesis that all boards have the sam e tim Ing properties,
we fixed a deadline D = 20us forallnodes. This value is determ ned so that the m essage arrival delay does not induce a
big variability in the Integration process being m odeled forcellbody ie. the In pactof 20usdelay is jugged tolerable.On
the other hand, the token takes 40ns to move fiom one board t© another leading to a token wak time of T = 0 28us
40ns * 7 boards). The TTRT param eter is then calculated according to (14) and it is equal t 2 37us. Consequently, we
caloulate TH T, o, using (10),and we obtaln 0 31pusasamaxinum tm e assigned to a node to transm it s m essages.

Real-tin e-constrained message tranam ission during the worst case situation: U sing the 64-bit bus, one m essage can
encapsulate 3 events either tim e-stam ped neuron addresses or synaptic changes. K now Ing that TH T, . Isequalto 0 31us,
the maxinum am ount of messages that m Ight be tranam ited during token possession time is 7 messages @0ns t©
transm tone m essage), which leadsto a totalof 21 events (7 m essages * 3) . A sm entioned earlier, the w orst case happens
w hen neurons fire sim ultaneously . W hen thathappens, 20 real-tm e events — conesponding to spikes of 20 neurons — are
accum ulated o the FIFO of each node. The node has then to transm it 7 real-tim e-constrained m essages over the bus.



Thus, all real-tim e-constrained m essages m ay be tranan ited during one token rotation time. The deadline D isthenmet
because TTRT = 237us< D = 20us.

M em ory-constrained message transam ission during the worst case situation: The worst case situation also inplies that
neurons are all-o-all connected. Since we calculate the plasticity of afferent events In each node, the offered load of
m em ory-constramned m essages is averaged to 54 messages (160 events) for each node. This am ount of m essages is
released every 10m s.H aving a buffer size of 1000 entries, w e can store m essages forDy = 60m s.H ow ever, 54 m essages
equire a little bit less than 8 * THT, 4 time to be tranan ited, which leads to a maxinum waitng tim e of outgoing
messages lessthan 8 * TTRT = 18,96us< Dy = 60m s.

Satisfying deadline constraint: Firstof all, letus calculate the global am ountof tim e required to transm tboth real-tim e-
constraned m essages and m em ory-constrained m essages generated In the worst case situation. W e need one TTRT t©
tranam it real-tim e-constrained m essages and eight TTRT's to tranam itm em ory-consrained m essages. In total, we obtain
a value approaching 9 * TTRT = 21,33us < 10ms. M essages are then tranam ited quickly enough for the deadline
constramt t© be satsfied n the worst case situation. This result is also proved by means of worst case achievable
utilization. The w orst case achievable utilization ata node 1is calculated according to (11) which leadsto U* = 01095.
The worst case achievable utilization of the network, U *, is obtained using (12) and worth 0.766. A s a conclusion,
deadline constrants are m et if utdlizations of all nodes are less than 0 1095, and the global netw ork utilization does not
overtake 0.766.

This num erical analysis concludes that using the bandw idth allocation schem e defined n (7) and respecting the deadline
and bandw idth allocation constraints, deadline m isses are avoided. This is due o the Integrated m ethod used to select
network parameters THT and TTRT which offer high network regponsiveness while mamtaining a high available
utilization.

5. CONCLUSION

This paper has proposad a token-1ring access topology applied t© the field of distrbuted real-tim e goiking neural netw ork
simulators. Th such system s, handling event tim Ings is crucil o avoid sin ulation m idoehavior. W e have shown that
event deadlines can be guaranteed by selecting the netw ork param eters — the bandw idth allocation tine (THT) and the
target token tation tine (TTRT) - In an ntegrate fashion. W e have also proposad a localbandw idth allocation schem e
that utlizes the nfom ation regarding the netw ork activity, netw ork connectivity and real-tim e m essage deadline in
caloulating THT of each node. This allocation scheme does not compromise the simplicity of the protocol
In plem entation since ituses localnode nform ation In com m unication m edia access control. Practically, w e have shown
a sin ple access algorithm  thatm ay be easily in plem ented on m ultichip approach system s.
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