SCORES: A Scalable and Parametric Stre8ased
Communication Architecture for Modular
Reconfigurable Systems

Abelardo Jar@8errocal and Ann GordeRoss

NSF Center for HighPerformance Reconfigurable Computing (CHREC)
ECE Department, University of Florid&ainesville, FL 32611
{berrocal,annt@chrec.og

Abstract - Parallel architectures have become an increasingly NoCs appear to be a good alternative to -ttased
popular method in which to achieve high performance with low communictéion. Network nodes provide breaks in the long
power consumption. In order to leverage these benefits, routing wires inherentin a bumsed architecture, and therefore
applications are decomposd into multiple computational  typically achieve higher operating frequencies. Furthermore,
modules (tasks) that collectively operate and communicate in the main advantage of a NoC is scalability and specialization
parallel. In this paper, we present a scalable and highly  [11]. NoCs are commonly implemented as parametric HDL
parametric streamsba_sed_ communication architecture for  ¢oft cores. Architectural parameters such as topology
inter-module  communication for FPGAbased systems B gimensions (width and height in number of routers), width and

‘S’rcéazf SS' r:::ﬁo dgomgnyunic;tci)c\)/? dianChiitneccrgJeEe dimp;g‘r’)ﬁiaﬂgz number of ports per node, and buffer depth enable archikctur
specialization and heterogeneous module clock frequencies, as tuning to a specific target applicatifi].

well as providing a means for low latency communication and NoC design was initially targeted for ASICs, although
data throughput guarantees. relatively recent research has extended these architectures to
FPGAS[4][7][10][11][12][13]. However, FPGAbased designs
I INTRODUCTIONAND MOTIVATION commonly show four main limitations: high communication

One of the most important design considerations in VLSlatency, no throughput guatae, limited number of
digital systems is achieving high performance with low powegrchitectural parameters, and a significant area overhead.
consumption Parallel architectures providepmpular method Furthermore, there is no standardized connection interface for
in which to achieve these goal6]. Parallel architectures computing modules, which forces computing module
enable application decomposition into multippemputing  specialization to a specific NoC, reducing design reusability.
modul_es operating and communicating in para_IIeI and which High communication latency and lack of throughput
collectively encompass entire application behavior. guarantee is a problem for some application domains. For

In order to exploit potential speedup as the eimof example, DSP and image processing applications typically
modules increases, an efficient communication architecture gream data between computing modules. Low latency and
support intermodule communication is required@iraditional  guaranteed throughput are requirededto these systemOs
busbased communication architectures enable all computingattime constraints. However, it is difficult for NoCs to meet
modules to communicate over a common shared bus, providitigese constraints, because NoCs were primarily designed for
great flibility for wvarying levels of intemodule Dbest effort delivery and not for quality of service guarantees.

communication requirements. However, hased In this paper, we present a no@hlableCOmmunication

communication architectures scale pooaly the number of = o pise ctiyre foREconfigurableSystems (SCORES). SCORES
computing modules increasfs. This poor scalability results utilizes a streambased approach to transmit data between

o B e pecoves et ol oM * ol olgh - cymamically _ cstablhec
i '’ nonshared streaming channels. These channels enable low

reduced maximum clock frequency, and reduced throughput. latency and guaranteethroughput. SCORES also features
In order to alleviate some of the bob@sed communication numerous tunable architectural parameters, offering increased

architecture drawbacks, a Netwamk-Chip (NoC) architecture application specialization compared to previous work. In

was proposed as a paradigm for scalable and parall@fidition, we present a simple, scalable, and highly parametric

communication architecturg8]. NoCs are constructed as a switch, which forms the basis for the SRES communication

topology of networked nodes connected by physica@irchitecture. Computation modules connect to switches using

communication links. Each computing nutel is attached to FIFO-based module interfaces, which enable heterogeneous

this topology via a networked node. Depending on thenodule clock frequencies.

communication scheme used, networked nodes can be

classified as routers (packet switching) or switches (circuit

switching).



_________________________ v Sedcole et al. presented a {mased communication
c Pommme ——---- q---- - Temm——=) architecture called Sonmn-aChip [9] for reconfigurable

Kli"i?ﬂff:m- image processing systems, which leveraged NoC concepts
LT g-:*@ (s s Dedicated communication streaming channels between
B T U . . ID_‘& computing modules were dynamically established by allocating

! : Ty T RGIE frame slots inside the tirmultiplexed bus. System

-:—gi}j-g =)y Hh Dﬂ—' performance was comparatively slow to Nb&ed designs

b o 0 L i (50 MHz for V2Pro) due to the lomguting wires inherent in a
Sl busbased architecture.

owen @ Ahmadinia et al. proposed the RMB (reconfigurable

Consumer multiple buson-chip) architecture[1]. Communication links
ereee e || ez || eme connected switches in a linear array. Architectural parameters
ot o Hosez o3 included number and width of communication linBsvitches

hadonly one input and one output pést module connections.
Switches used a centralized FIFO and arbiter to receive all
connection requests. Switches dynamically established
) ) dedicated communitan paths between modulealthough,

~ Marescaux et al.[7] presented the first working the architecture did not leverage flow control, which is
implementation of an FPGBRased NoC communication proplematic when a module exhausts buffer memory. Finally,
architecture built fronstore and forward(SF)_rpu_ters. NoC_ the modules and communication architectwee required to
topology was a 2D mesh and used detgrm|n|st|c XY rOUt',”%perate at the same clock frequency. Ri@Bachievedan

[7]. Each router had five input ports and five output ports Withyperating frequency of 99 MHz and required 3407 slices (10%
16 data bits per port. The Stechniqueintroduced high of device usage) on a Virtex 1l 6000 for a design with four

transmissionlatenciesdue to packetization and queuing delays.yjitches and four communication links between switches.
Queuing delays were incurred due the centralized arbiter

inside (_aach router to establish all input and output port .  SCORESARCHITECTURE
connections. Additionally, the routers used ¢iEO at each Fig. 1 depicts the dplevel design of the SCORES

rou:er nput portt_for rp:aclijet lg)utffering. Be(IE[aljlse “nkslgfutwee'?:ommunication architecture. SCORES is composed of a linear
routers were fimanare etween mulliple  simultEmus rray of switches (one switch is highlighted in gray shading).

co?nbel_ct;]orzjs tandt_ theﬁf ccr)]nnfctmr;g v;/ebre dynaTlch ach switch has a unique X coordinate indicating its horizontal
established at runtime, throughput could not be guaranteed. fyqiion inside the linear array. Swiesh communicate with

standalone router required 446 slices (4.8% of device usage) Qighboring switchesk{ and Kr) and computing module

the Xilinx Virtex XCV800. interfaces Ki and Ko) through bidirectional communication
Zerferino et al. presented SoCJN2], a 2D mesh NoC built links between their input and output ports.
using wormholerouters. As opposed t8F routers that sent

data messages as one large packet, yvqrmhole.rout_eréaespllt_ module interfacesConsumer Interfacesonnect a computing
messages into one header flit containing routing mformatlondu|e(~)S input port to a switch®s local output Kojt (

and one or moremallert_jata flis for message transmissidh. Producer Interfacesonnect a computing moduleOs output port
an output port was available, the header flit was routed and tﬂ?a switchOs local input pakiY,

remaining data flits followed in a pipelined method. When a
message traversed the network, the message flits were locatedDynamically establishedDedicated Streaming Routes
in multiple routersFlits reduced O memory requirements (DSR9 erable data transmission between two computing
and transmission latency compared to packbtedifiable  modules. These dedicated routes provide high throughput and
architectural parameterincluded channel widttand buffer low latency data transmission. For ed28R we refer to the
depth. To reduce queuing delays, SoCIN replaced a centralizpebduceras themodule sending datand theconsumerasthe
arbitration scheme with a distributed scheme by incatpgy ~ module receiving data. Aompuing module can be both a
one arbiter per each router output port. However, SAd@# producerandconsumesimultaneously.
high resource utilization for a standalone router. Each router :
accounted for as much as 11% of a Xilinx V2PRO V2R80Q A. ArchitecturalParameters

SCORES is a highly parametric communication architecture.
Our design offers six tunable architectural parametérsh,

Fig. 1: Top SCORES communication architeeur

Il. RELATED WORK

Computing modules attach to switches through two types of

Sethuraman et al. dgeaed a 2D NoC usingnaSF router
called LiPaR [10]. Modifiable architectural pameters . :
included channel widtland buffer depth. The NoC used the Kr,.tKhI, K". ant?l KoI.(F|g. D). NV(/eprester?ts thgthnun;b?; of
FIFOsO empty flags in order to govern transmission / ‘c1es 1N e dinear arrayyv 1S - hé wi 0 €
synchronization inside and beveen the routers, which communication link@ndswitch input and output portki, Ko,
significantly reduced control logic complexity. Howevere Kr, andKiI rep_resent the number _of local input ports, local
router had a complex cross point switch matrix. The router ra@Utput ports, right output and left input porand left output
at 33.33 MHz and required 352 slices (2.7% of device usag@fd right input ports, respectively, for each switch. Thus, a
on a Xilinx Virtex 2 Pro V2P30 for a minimumzsid channel switch haKl andKr communication links to the left and rlght
width of 8 bits (excluding FIFO buffer resources). neighboring switchesespectively.
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B. Communication Links

Communication links, illustrateid Fig. 2, connecia switch
with neighboring switches and computing modules. The link
consists of two opposite flowing data channels and three Input Blocks
handshaking signals.

Kr left inputs

Data Register

Output Block Controller

The Streaning Data Channel(SDC) is the main channel o i
and transmits data from a switch or computing module output Ko local outputs Kilocalinputs [T Input Block Contraler
port to the connected input port. The two most significant bits Fig. 3: SCORES switch architectural components
(MSB9) of theSDCare reserved for signaling. The MSB is thebeen established between the producer and consumer
Write Enable (WR_EN and indicates that the pmhacer is interfaces.
transmitting a wordThe second MSB is thEnd of Stream . .
(EO9 and indicates that the producer has completed dafa Aﬂe& DSR esc';?]bllshment, data can t?[.e transrlmttetlj tbetvveen
transmission and that ti2SRcan be released. The remaining !¢ Producer andné consumeras a continuous low iatey
W-2 least significant bits (LSBs) of tf8DC carry data. The PiPelined stream becauseroswitch design uses onigne
Stream Feebhck Channel(SFQ is a single signalRemote register at each_ input port instead of a large, high Iatenc_y FIFO.
FIFO Full, which indicates that the consumer FIFO is full, andThe DSR remains estabhshed as long as the producer interface
therefore the producer must pause data transmission. TRESCIISREQ A producer interface deasseREQ when the
handshaking signallREQ and ACK) establish and release a producer mterface detects assertion of S flag from the
DSR TheDENY signal will be exfained in sectionV-IV.C. producer module.

C. DSR Addressing and Communication Protocol IV.  SWITCH ARCHITECTURE

When a producer requeddSR establishment with a target ~ Fig. 3 depicts the block level diagram of the SCORES
consumer interface, the producer writesAaldress Headeto ~ switch architecture. The switch uses distributed arbitration and
the SDC of its producer interface. Thaddress Headeis  contains two main block types: input blocks and output blocks.
composed of two fields, an X coordinate and a local identifiednput and output blocks enable data to flow into and out of the
The X coordinateindicates the horizontal location of the targetswitch, respectively. These blocks encapsulate and manage a
switch connected to the consumer interface.|®bal identifier ~ SwitchOsnput and output ports. External connections between
indicates the specific local output port to use between the targegighboring switches input and output blocks, and internal
switch and the consumer interface. Use dbeal identifier  connections between input and output blocks collectively
enables computing modules to separate different data stre@mable intemodule communication.
types to different input portX coordinateandlocal identifier A. Output Blocks

widths depends on tiéandKo architectural parameters ) ) ) )
Output blocks are units responsible fmmntrolling switch

After the producer interface receives thedress Header output ports. Output blocks are classified into three different
the producer interface writes th&ddress Headerto the types: left, right, and local output blocks. Left and right output
connected switchOs input port and ass®fQ The switch  plocks are responsible for all left and right output port
selects an artary left or right (direction determined by the  management for the switch, respectively. Tobémaorizontal
coordinatefield) output port that is not already assigned to &ata transmission through the linear switch array, a switchOs
DSR and forwards thaddress Headeand assertREQon this  eft output blocks are connected to neighboring switchOs right
output port. The connection between the input and output parput blocks (SectioivV-B), and vice versa. To enable internal
is now reserved fothis DSR. This similar process repeats asjata transmission through a switch, left output blocks are
the Address Headepropagates through neighboring switchesinternally connected to right input blocks (SectlvhB), and
until the Address Headgreaches the target switch, in which vice versaEach switch has on|y one left and one right Output
case theAddress Headers forwarded to the target consumer plock, but each block can be connected to multiple output
interface. ports. Local output blocks are responsible for local output port

When the target conmer interface receives REQ the management, which connect the switch to computing module
consumer interface enters Batablished Connection Stated ~ Interfaces.

replies with a positivé\CK. This ACK propagates through the  |eft and rght output blocks are composed of three main
switch array back to the producer interface, traversing thgnits: a set ofRemote FIFO Fullregisters, a set o®utput
reserved input/output port connectioaseach switch. When Multiplexers (OMUX), and one Output Block Controller
the producer interface receives the asseM€H, aDSR has (OBCQ). Fig. 4 illustrates these units. There is ddemote FIFO
Full register and on®©MUX associated with each output port.



Input Block Controller (IBC). The DIR is W-bits wide and
latches data from tH@DCconnected to the switchOs input port
on each clock cycle. ThBMUX selects the source for the
Remote FIFO Fulloutput at the input portMUX inputs are
the Remote FIFO Fullregsters at the connected output
blocks. ThelBC is an FSMbased controller, which initially
waits for assertion of an input pdREQ from a neighboring
switch or module interface. UpoREQ assertion, thdBC
reads the value at thBIR (which contains theAddress
Heade) and compares it with the X coordinate of the switch
to determine an appropriate action.
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If the switchOs X coordinate is greater thanAttiéress
HeaderOtargetX Coordinatefield, then the BC forwards the
REQto the leftOBC. If the switch®X coordinate is smaller
than theAddress Header@sge X Coordinatefield, then the
IBC forwards theREQ to the rightOBC. If the switchOs X
coordinate equals thaddress Header@argetX Coordinate
field, then thelBC sends the request to t@BC at the local
output port indicated by théocal identifier in the Address
Headerfield. We refer to this routing schemeXafkouting

Fig. 4: SCORES switch showing internal connections between a local input
block andthe left, right, and local output blocks
These registers latch tiRemote FIFO Fullsignals coming
from the respective output ports. TREMUX inputs are the
outputs of theData Input Register&described in SectiolV -B)
from the internally connected input blockOMUX outputs

drive the output port&HC
OBC, the IBC sets the control bits of it#MUX to select the

To establish internal connections, th®BC is an : :
FSM-based controller that receives requests on inpukslfoe Remote HFO Full coming fr_om the assigned output port
However, since the left and rigfBCsmanage several output

output port assignment. Requests are serviced using roun e : e
rob?n aF;bitrationg (RRA). AqService Tablerecords staqce ports, It is necessary 1o _know from which specific output port
(available or occupied) and assignment (which input block h the Remote FIFO Fulbriginates Therefore, théMUX receives

S . K
. : elect lines from théBC andthe left and righOBCs IMUXes

?heeegélcs:sslg?\ﬁ?egvglt;g q?jlétsﬂmtrrgé% Lohr e?:ighth?tspeurt/iggnté\t;\l@ %10 not receive select lines from the local output blocks, because

for an available output port. If an output port is available, théOCaI output blocks only manage one output port.

OBC configures the output portOMUX select lines to set the C. Blocking Conditions

input data source as thBata Input Registerfrom the It is possible that the number of input blocks requesting

requ_esting inpu_t block andecords this connectioin th'e service from arOBC exceeds the number of available output
service table. Finally, th©BC assertsACK to the requesting ports. In this situation, th©BC responds with an asserted

input block. If no output port is available, t8Creplies with  ENy signal to all thdBCs to which it cannot yet assign an

an asserteDENYsignal to the requestingC. We refer to this 10, port. ThédENY signal backward propagates through the
condition as dlocking condition partially established communication Ipatto the source
Local output blocks are similar to the left and right outpufroducer module from which thREQ was generated. Upon
blocks, but differ in that there is one local output port per locdleceiving aDENY signal, the producer module can either hold
output block because each output port has a unique loddle assertedREQ signal persistent requeptor deassert the
identifier. Thus, each switch may have multiple local outpuREQsignal for a later retransmission attempt. Deasserting the
blocks. A service table is not required for local output blockREQ signal also releases the partially established

Once thelBC receives arACK signal from the requested

since the local output blocks manage only one output port. €

B. Input Blocks

Input blocks are similar to output blocks in that there ar
three types of input blocks: left, right, and local input blocks,

Each block type serves a similar purpose as the associat%\f/f

output block type described BectionlV-A. In contrast to left
and right output blocks, there is one input block for each inp
port. Depending on the input block type, input blocks ar
connectedvith a subset of output blocks. Left input blocks ar
internally connected to the right output block and to all th
local output blocks. Right input blocks are internally connected
to the left output block and to all the local output blocks.
Finally, eachocal input block is connected to both the left and
right output blocksFig. 4 illustrates these connections.

e

d
Input blocks are composed of three main units: Data  d

Input Register(DIR), one Input Multiplexer IMUX), andone

utput
ljc?ommunication passes through the left and right output ports.
fn SCORES, increasing th& andKl arditectural parameters

to

ommunication path.
If a large number of source producer modules which

eceive @DENY signal do not deassert thBIEQs excess input

locks are still queued at the satura@BC waiting for an
ilable output port, and thus impose queuing delays.
cking condition delays are critical to the left and right
blocks since the majority of interodule

éthe number of output ports) can reduce blocking conditions.

V. COMPUTING MODULE INTERFACES

Computing module interfaces connect computing modules
a SCORES switchThese module interfaces are based on
uakclocked FIFOs. These FIFOsfter data and enable clock

omain isolation between the communication architecture and

the computing modules. By separating clock domains, each



o eemmesus ANDOed and serve as the producer interfatz@soutoutput
to the connected switch.
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To Moduls After a DSR is established, the producer interface continues
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—

: Btah, Tg‘ writing data fromout to the switchOs local input port on
0 5 FA@ T~”’ data_outwhile FIFO is not empty and Remote HFO Full
TRro | T § [ feedback flag has not been received from the switch. Finally,
oty A s upon detecting=OS assertion from the producer module, the
Doy prog_ful 3 FSMdeassertREQ which initiates the release of the DSR.
i B. Consumer Module Interfaces

Fig. 5 (b) illustrates the detailed consumer module interface
architecture. Signals between a module input port and the
consumer interface aredata_in RD_EN (Read Enable),
IS_RDY(Input Stream Ready), a#DS(End of Stream). The
module assertRD_ENto enable readingdm the FIFO. The
Torunel o module interface asseiS_RDYwhenthe FIFO contains data

E;pmfnmuﬁedg\fcg =3 Sl Waiting to be read.Since the MSB ojdata_in indicates
WR_EN data_incoming from the switchOs local output port is
Fig. 5: Moduleinterfaces: (a) producer interfadb) consumer interface. written into the FIFO ifWR ENis asserted.

computing module can run at an independent and optimized Consumer interfags are responsible for assertiRgmote

clock frequency. FIFO Full for DSR flow control. A consumer interfaceust
We created FIFOs using the Xilinx Cmgen FIFO assertRemote FIFO Fulbefore the FIFO reaches maximum

Generator 4.315]. This tool enables customization of both capacity due to Hilight data and theRemote FIFO Full
FIFO depth and width (of which the width was set to match thpropagation delay through the switch arrayerEfore, the
switchOsW architectural parameter). Xilinx Coregen tool consumer interface must take into consideration its X location
allows FIFOs to be implemented usidigtributed memory or (Xc) and the producer interfaceOs X locatXp).(Thus, the
embedded BlockRAMSs. consumer interface asserRemote FIFO Fullwhen the
remaining space in the FIFO is equal tN-2{c-Xp]).
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A. Producer Module Interfaces

Fig. 5 (a) illustrates the detailed producer module interface VI. RESULTS
architecture. Signals between the module output port and the ;
producer interfgace areData_in, WR_EN (Wrife epnable), }A Expenrr_1ental Setup o
OS_RDY(Output Stream ReadyEOS (End of Stream), and We implemented our SCORES  communication
DENY. The FIFOOs data inpun)(and output qut) are the architecture, switch, and module interfaces as highly parametric
combination ofdata_in EOS and WR_EN The producer VHDL so_ft cores, prowdlng. the archnectura] parametrad,
module assertsVR_ENto begin data transmission to the Kr, Kl, Ki, andKo. FIFOs, implemented using one embedded
producer interfaceThe producer module asseEOSwhen BIOCkRAM, stoed 512 3zbit words. The target device was a
data transmission has completatiowing the producer module Virtex 4 XCA4VLX25 [16] and system simulation was
interface to release the DSR. performed using Modelsim 6.2 $8.

Initially, the producer interface controllesF$M) waits for Given the massive configurability of SCORES due to the
an Address Headeon data_in from the producer module to Numerous afutectural parameters, we wrote a Perl script to
begin DSR establishment. During this initial state, the FIFOexecute Xilinx synthesis and implementation tools (ISE 10.1)
emptyandfull signals are asserted and deasserted, respectivel¥4] for a standalone switch of varying configurations. These
When the producer module transmits fedress Headerthe ~ configurations  enabled  architectural ~ parameter impact
FIFO storesdata_in and deassertempty The FIFO is eygluayon on selepted performance metrics such as s!|ce
synthesized using therst word fall through feature, which utilization and maximum clock frequency. In a real scenario,
enables theAddress Headerto be available ondataout Kr. Kl, Ki and Ko would be specialized to the target
without a read operation (eliminating read delay). UporpPPlication. We measured maximum clock frequency after
deassertion cémpty theFSM assertfREQto the switchOs local Placeandroute using the Xilin Trace static timing analysis
input port. UponACK assertion from the swit®Os local input tool with no clock constraintrCe a £u).
port, the FSM asserts thelink_establishedsignal, which g Area Usage and Timing Analysis

indicates DSR establishment. . L .
Fig. 6 showsarea usage in slices (top row) and maximum
The FSM assertsOS_RDY when two conditns are attainable clock frequency (bottom row) wessvarying
satisfied:(1) theFIFO has available spacéull is not assertgd architecturhparameters for channel widthv = 8, 16, 32, and
and (2) the DSR is establishelthK_establisheds asserted). 64 bits for a single switch. The first, second, and third columns
Since data transmission is not ready until assertion of bowary Kr, Kr andKIl, andKi and Ko, respectively We consider
link_establishecand WR_EN(MSB of out), these signals ar the case in which onlir is varied to account for applications
in which mostdata flow occurs in only one direction such as
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Fig. 6: Areain slices (top row) and maximum clock frequency (bottom rowgesvarying architecturparameters for channeidthsW = 8, 16, 32, and 64 bits.

DSP or image processingig. 6 (top row) shows low switch architectural parameter sizing based on an applicationOs
area overhead, which scales well due to a small cross poidnnectivity graph.

matrix (composed cDMUXesandIMUXes. For example, the
area ovenead for a sample system configuratddis 32,Kr =
2,KI=2,Ki =1, andKo = 1, is only 399 slices, which accounts
for 1.62% of the XC4VLX25. Doubling the channel width the
from W = 32 toW = 64 (with the same system configuratitm
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=2,Kl = 2,Ki = 1,andKo = 1) increases slice usage by only Xilinx.

60% to only 639 slices, revealing a sublinear increase in area

verses channel width.

. . . N
Maximum clock frequency is a very important metric smce[ ]

it determines the maximum data throughput achievable by
SCORES. Givera data word of lengtW, (with the two MSBs 2]
reserved forWR_ENand EOS the peak data throughput in (3
Gbps for SCORES is:

4
data_throughput (Gbps) =(W " 2) * max_frequency [4]

Fig. 6 (bottomrow) shows that for all test configurations, the
operating frequency ranges from 161 MHz to 311 MHz P!
Therefore, the data throughmpeaks at 161*(32) = 4.8 Gbps
for an SDC width of W = 32 bits, which is competitive with !
previous work.

VIl. CONCLUSIONSAND FUTURE WORK

In this paper, we introduce a novel highly parametric|8]
Scalable COmmunication architecture folREconfigurable [9]
Systems (SCORS). SCORES consists of highly parametric
VHDL soft-core switches with distributed arbiters, which
reduces the inefficiencies associated with centralized arbiterﬁ
SCORES enables runtime establishment of simultaneous ahg]
dedicated streaming communicationks between computing
modules. Results show that SCORES is highly scalable iy
terms of area overhead and can achieve high operating
frequencies even for large systems (high number of computing
modules). (12]

(7]

Future work includes a pipelined implementation loé t
output block controller @BC) to decrease connection
establishment time. We also plan to expand to a 2D mesh [iy]
order to reduce blocking conditions and increase desigfs)
flexibility. In addition, we also plan to develop an optimization[¢)
technique for autoatic computing module placement and

(23]
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