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Abstract—Dedicated, spatially configured FPGA interconnect may dictate that a 1:1 mapping of operators to physical PEs is
is efficient for applications that require high throughput connec-  nfeasible. For N operators mapped onto a single PE, a single
tions between processing elements (PEs) but with a limited degreeOperator may only produce data and communicate it to another

of PE interconnectivity (e.g. wiring up gates and datapaths). ¢ N | h N b I
Applications which virtualize PEs may require a large number OPErator once every N cycles, whereé N can be very large.

of distinct PE-to-PE connections €é.g. using one PE to simulate ~ FOr these sparse communication patterns on large computa-
100s of operators, each requiring input data from thousands of tional graphs, dedicating spatial interconnect links on a config-
other operators), but with each connection having low throughput  yred FPGA network for all possible communications between
compared with the PE's operating cycle time. In these highly in- oharat0rs s inefficient. Wires and switches dominate FPGA
terconnected conditions, dedicating spatial interconnect resources L A

for all possible connections is costly and inefficient. Alternatively, resources [3], and ded,'cat'ng spatial 'mercoln,nea guarantees
we can time share physical network resources by virtualizing that these resources will be severely underutilized. In order to
interconnect links, either by statically scheduling the sharing handle such problems efficiently, we explore overlaying virtual
of resources prior to runtime or by dynamically negotiating networks on top of the physical configured FPGA network,

resources at runtime. We explore the tradeoffs &.g.area, route 4 15wing us to reuse physical links in time. We consider two
latency, route quality) between time-multiplexed and packet- )
types of networks:

switched networks overlayed on top of commodity FPGAs. We - . .
demonstrate modular and scalable networks which operate on 1) Time-Multiplexed:In this scheme, routes for data pack-
a Xilinx XC2v6000-4 at 166MHz. For our applications, time- ets sent between communicating operators are computed of-
multiplexed, offline scheduling offers up to a 63% performance fline prior to runtime. By taking advantage of global route
increase over online, packet-switched scheduling for equivalent j,fomation, time-multiplexed networks promise minimal total
topologies. When applying designs to equivalent area, packet- S . .
switching is up to 2x faster for small area designs while time- communlcat!qn tl_me between opergtors and maxllmal network
multiplexing is up to 5x faster for larger area designs. When resource utilization. However, offline computation can be
limited to the capacity of a XC2V6000, if all communication is compute intensive and must allocate resources for all pos-
known, time-multiplexed routing outperforms packet-switching;  sible communications among operators. The communication
however when the active set of links drops below 40% of the gehagyle must be stored in memory to program the behavior
potential links, packet-switched routing can outperform time- . -
multiplexing. of eggh element in the network on every cycle at a potentially
significant area cost.
|. INTRODUCTION 2) Packet-SwitchedOpposingly, in this scheme routes for

When implementing a computation as a simple circuit @lata packets sent between operators are negotiated dynami-
the gate or RTL level, we expect each gate or register outmatly at runtime. This promises no additional memory for stor-
to be conveyed to its successor gate or register input on evang schedules and no offline setup. Routes are only made for
cycle. Since every link in the computational graph is active ayperators that are actually communicating. However, switches
every cycle, dedicating a physical interconnection link betwedor these networks are typically more complex (larger, slower)
operators as a configured FPGA wire is efficient. and, since routing decisions are only made locally, routes can

When a computation is described at a higher level, it Iz less efficient.
often possible to identify cases where operators do not need’here may be cases where each network is preferred. We
to communicate on every link for every cycle [1]. For examplajse communication workloads of varying density from Con-
a compressor operator will output compressed data at a loweptNet [2], [4] to help quantify the tradeoffs and understand
data rate than it consumes input data. These cases provid¢hassituations in which one network switching scheme may
with the opportunity to time share and virtualize interconnebie superior to the other. The novel contributions of this work
links (e.g. another operator can use the compressor’s outpatiude:
link on idle cycles). 1. Demonstration of efficient and scalable static and dynamic

At even higher levels of abstraction, we may virtualize FPGA overlay networks operating at 166 MHz.
compute elements as well [1], [2]. Physical area constraint®. Quantification of the performance difference between of-

© 2006 IEEE 1


http://www.fccm.org/
http://www.cs.caltech.edu/~andre/
mailto:nachiket@caltech.edu

fline scheduling and online routing (Sectidfhll-A ). Network 10 per Cycle vs. Network Size
3. Quantification of performance impacts associated with 250

T T

. . . — unlimite'd network
balancing interconnect and computing resources (Sec-g
tion VIII-B.1). g 200 | ]
4. Characterization of area and performance tradeoffs be—é
tween time-multiplexed and packet-switched networks (Sec-o 150 | i
tion VIII-B.2). &
5. Quantification of the performance difference between & o0} i
time-multiplexing and packet-switching under varying ap- ©
plication communication loads (Sectidfll-C). § 50 L i
Il. BACKGROUND 2
A. Networks on Chip ° 1 10 100 1000 10000

Computing systems have long been designed to time share Network Size (PEs)

?nterconnect [5_]—[10]- Increasing silicon capacities have made Fig. 1. ConceptNet Network I/O per Cycle vs. Network Size
it possible to implement such shared networks on a single

chip. In the early days of system-on-a-chip integration, theﬁ‘?rcuit-switching is efficient for larger messages on shorter

networks were prlmgnly_on-chlp buses. Hoyvever,_senal busﬁgtworks, and is not an appropriate solution for the kinds of
do not scale as chip sizes grow. To achieve higher perf%r-

. mall message applications on which we focus here.

mance, it has become necessary to look beyond buses an : . . .
. ; . . Hardware requirements are particularly important in
investigate scalable, high-performance, low-overhead on—crggm arina packet-switching and time-multiolexing. Packet-
networks [11], [12]. FPGAs today seem to be undergoing a panng p g P g

similar transition. Commodity FPGAs now support severa?lvmchlng typlcally requires larger §W|tchpqxes due. 0 buffer—
ing and logic required for dynamic decision making. Time

forms of on-chip buses which could be replaced with low > - . . .
; multiplexed switchboxes are typically smaller in terms of raw
overhead on-chip networks as they scale further.

S:é)gic, but if the total number of communication cycles is
) : . -large, switch context memory may require significant area. To
should be examined, consider how network Commumcat'cﬁpustrate these area and performance tradeoffs, consider the

scales with the number of PEs. Figufle shows network . . i
: . _following example. Packet-switched switchboxes may allow us
I/O messages per cycle as a function of PEs on our time-_. ) . .
. : . Lo . to fit an 8 PE network on a chip. With comparatively smaller
multiplexed network with no bandwidth limitations, given

a ConcepiNet [2], [4] communication load. Assumin nswitches we could fit a 16 PE time-multiplexed network as
P ! ' 9 ?orbg as routing could be completed in 30K cycles. If routing

segmentation, a bus can only hande a single network send es more than 30K cycles we can fit only 8 PEs, and at more
receive per cycle. In Figurg we see that as the the number o han 100K cycles we can only fit 4 PEs. Consequently, there

PEs increases, our our application could benefit from sendin : 4
- L operating ranges where either network my outperform the
and receiving significantly more than one message per Cycz?her

At small numbers of PEs, the bus would only require -2 . Lo .
L To select wisely between packet-switching and time-
more cycles to route all messages than an unlimited network, . . .
i multiplexing, we need to develop analytic area and time
but at large PE counts>( 500) the bus would require over . :
. . odels to generalize this example and ground the general
100 times as many cycles. With fewer PEs a bus may be : o L
. . rénds of Tabld into quantitative, empirical tradeoffs.
adequate because the network is lightly loaded, with mos F valent tonoloai d ication loads. h
cycles dedicated to serialized processing at the PEs. As we uocrheg;a/:reganOopf(f)liﬁgleslggal (;gtrﬂirr?unslg?ult(i)(:nso?)es,co%w
increase the number of PEs, each PE communicates more, al ' 9 9

. . i i i ?
we need a network capable of processing multiple messageggfvs rt'r?ugﬂhsnrﬁ:alllloe(;a;alrgtitr”::%: thtjitrlr?gsrﬁulti lexed intercon
. . Y - -
simultaneously to support the increased load. ' P

nect scheme support a given level of static traffic?
B. Communication Patterns e For what activity factors is a packet-switched interconnect

An important choice to make in designing programmable SCheme superior?
interconnect is the switching style. Tablerounds up the
relative strengths and weaknesses of four commonly us%d
communication patterns. Packet-switched networks have been researched extensively

Selection of an appropriate communication pattern shoug the networking community since the days of the early
be based on application communication requirements and chtetephone switching systems [13]. Consequently, several fla-
acteristics. Configured switching and time-multiplexing useors of packet-switched networks exist todayy. wormhole,
static scheduling, requiring that communication be predictaldat-through, store-forward. Even the NoC (Network on Chip)
and known ahead of time. Configured switching is inefficiermommunity (Sectionll-A) has focused on building on-chip
for applications that underutilize physical link throughputpacket-switched networks. Surveys in on-chip packet-switched

Packet-Switched Networks



TABLE |
ROLE OF VARIOUS COMMUNICATION PATTERNS

Characteristics || Configured | TM | PS | Circuit
Know communication needs early late
(compile time) (runtime)
Communication predictability high low
Communcation throughput compared [o > < < <
physical link throughput
PE-to-PE latency compared to packet length n/a n/a > <
Channel Utilization high low
Switch Logic Area low low high high
Switch Memory Area low high | modest low
Relative Latency lowest low | highest| moderate

The Virtual Wires project [26] examined time-multiplexing
of resources not built into a native FPGA or ASIC, but
}z'erlayed on top of an FPGA. Virtual Wires attempts to

communication networks can be found in [10], [14], [15]
These NoC efforts have mostly targeted ASICs and on

recently have FPGAs become large enough to merit su L ) . . .
overcome pin limitations by time sharing each physical wire

networks. ; : L .
Nonetheless a handful of FPGA-based overlay NoCs h %mng logical wires and pipelining these co_nnect!ons at a
; . Igh frequency. To route and schedule physical wires, they
appeared in recent years. We summarize a representa

: . . developed a greedy spatial and temporal scheduler [27],
s?fmple. n Tabld:. we |.mprove and expand upon these prlot'iemonstrating a significant increase in usable I/O bandwidth.
efiorts in severa Wa_lys. _ . Instead of time-multiplexing just chip I/O communication,

e Most of the designs reported in Tablleare two dimen- o, \york attempts to time-multiplex communication over an
sional bidirectional mesh topologies. These research eﬁogﬁtire network overlayed on FPGA resources. We use a similar
typically dismiss other topologies for asymptotic Sca"ngpace—time greedy router to schedule our network.
concerns. Only Dimetalk_ allows arbitrary topologies in a_d- Some prior work has begun to explore the tradeoff between
qmon to meshes. We built and analyzed several topologieg . scheduling and dynamic routing. The RAW microproces-
including meshes, but only present daFa for Butterfly F br [28] utilized a static scheduler to compile streams of com-
Trees _(B.FTS) as we observe that theY yield the best reSUlBtations across PEs, but also supported dynamic hardware
Quantifying the tradeoffs between different topologies ig, 40w for unresolvable events such as memory stalls and
beyond the scope of this paper. interrupts. The designers discovered that a combination of

o Several efforts use synthetic data for understanding tQf%ltic scheduling techniques and software routines handled

tradeoffs in building th_eir !\loC&(g, [16], [17]). Marescaux ynamic events more efficiently than dedicated hardware.
et al. [18] report application performance data as a proo

f for thei K itched but d & he aSoC architecture [29] utilized a statically scheduled
0 —c;nnc;ept orht elr pac et-?wnc € kNOC'_ ut do not o Heconfigurable communications processor to network together
analysis on the impacts of network design. We use reskg g compared it to dynamic routing models. They found

applications and realistic PE architectures to generate tt'ﬂ%\t static scheduling moderately increased performance, but

traffic workloads for our network exploration. at an unspecified increase in area due to context memory.

e Most of these networks run at speeds between 25 and,c sypported only 16 PEs and a light traffic load where
50 MHz which is far below peak FPGA speeds. Dimetal

ially deli 100 MH ; W E processing time generally dominated communication time.
routers can potentially deliver Z performance. VWeather than simply examining one system size or configura-

dehver_a high-performance FPGA implementation Whert?on, this paper attempts to broadly explore the design space

our entire network runs at 166 MHz on comparable or 0lder, yo ot petween static scheduling and dynamic routing, and
FPGA technology. guantifies when either time-multiplexing or packet-switching

are preferred under various applications conditions. Our ex-

D. Time-Multiplexed Networks ploration ranges from 4-4096 PEs and includes traffic loads

} ) o ~which can often dominate node processing times.
Offline scheduling of communication between processing

elements has been studied extensively, particularly in the dis- I1l. TOPOLOGY
tributed parallel processing community. Several of these stud- .
ies examined time-multiplexing of communication networks at’ Performance Analysis

the processor level by using FSMs to moderate communicatiorNetwork topology can have a large impact on the perfor-
between multiple chips [19], [20] or between PEs integratedance of a NoC. We identify several quantitative network
onto a single chip [21]. Other projects used time-multiplexingharacteristics which bound the number of cycles required for
at the logic-level for implementing circuits [22]-[25]. In thes&eommunication.

designs the time-multiplexed support is built into the native 1) PE Input Serialization:In our design, we assume that
FPGA or simulation-engine architecture. the PE is capable of processing one external input message



TABLE Il
SUMMARY OF PRIOR WORK IN FPGA NETWORK-ON-A-CHIP DESIGNS

NoC Freq Size | Chip Switch
(MHz) Datawidth [ 1O | Area
IMEC 40 | 3 x 3 | Virtex2 Pro 40 16-bit 4 446 slices, 1 BRAM
Hermes 25 | 2x 2 | Virtex2 1000 -4 8-bit 5 316 slices
LiPaR 33 | 3x 3 | Virtex2 Pro 30 -6| 8-bit 5 437 slices
Dimetalk 100 — | Virtex2 -4 32-bit 4 450 slices, 1 BRAM
Our network 166 8 | Virtex2 6000 -4 32-hit 4 732 slices(T), 1464 slices]
or self message per cycle. A bound on cycle count based on upper upper
input messages can be computed as follows: top left  right
T'input = Ninput + Nself (1)
2) PE Output Serialization:There is a similar bound on
outgoing messages: left right  lower lower
left right
Toutput = Noutput + Nself (2)

Fig. 2. Conceptual Diagram of T and Switches
3) Network Bisection:The bisection width of our network

limits the maximum number of messages that can cross from
one side to the other on a given cycle. If the number of @ @
message bits is greater than the number of physical wires

crossing the bisection, then communication must be serialized (T) (T) (1) (T)
across the bisection.
o Nmesssage,bits @ @ @ @
Tcut - lrjvtopcut—‘ (3) \ \ \

The top-level bisection might not be the largest serial

bottleneck in the network. Hence, we need to recursively bisect Fig. 3. Conceptual Diagram gf=0.5 BFT
the network and identify the most limiting of cut®.(,).
B. Butterfly Fat Trees
Tow = max  (Teut;) 4) . .
all cuts: As noted in Sectionl, most of the FPGA NoC work has
. - focused on building on-chip meshes. Meshes are preferred due
4) Network Latency:If the network is sufficiently large, 1, yheir simplesTeR-AND-REPEAT layout, asymptotic latency
several cycles may be required to traverse the network fro;m)perties, and the prolific research that has been conducted
one end to the other. in devising fair, deadlock-free routing algorithms. However, in
our analysis, we observed that Butterfly Fat Trees (BFTs) [9],
Tiateney =  max  (route;) (5) [31] achieve at least as high performance as the mesh at
all routes: equivalent chip sizes.

We force sequentialization between the input and outputWe choose to build BFTs of arity-2 with different values
message handling in our PEs. Thus, the lower bound 6hthe Rent parametep. Increasing the Rent parameter of
performance of a topology is follows: the BFT increases its bisection bandwidiN;{,c.: = ¢ x

nP), thereby allowing more bisection traffic per cycle. Larger
Teyetes = max (Tinput + Toutput> Tows Tiateney)  (6)  values ofp also require more switches, which influences the
number of PEs that can be packed on a chip. We build these

The parameters discussed here can help us analyze trds as a composition &f and = switchboxes, shown in
understand the performance of the topologies we consideigure 2 [32], [33]. Each level in the tree uses eith&ror
These topologies also have widely different area requirementsswitchboxes as shown in Figu® We build both packet-
Thus, different topologies may be more efficient at differerswitched and time-multiplexed versions of the BFT for our
chip areas. For example, a binary tree would be bestsfudy. We build the BFT switches (Figurés6) using basic
the number of PEs in the system were small, but it magplit and merge primitives (Figuré4). We layout the network
become bandwidth limited for large PE counts due to than a Virtex-2 6000 hierarchically and pipeline the upper stages
increased number of messages sent into and out of the netwafrkhe tree based on layout feedback to retain high performance
(Figure 1). even when stages cannot be placed adjacent to one another.



J/ TABLE Il
J, AREA, LATENCY AND SPEED OF32-BIT PACKET-SWITCHED SWITCHING
PRIMITIVES WITH 16-ENTRY BUFFERS

Primitive Area (Slices) Latency | Speed
Queue Total | (Cycles) | (MHz)
Curl T Buffer
Split 30 33 79 2 218
Merge 60 66 165 2 200
TABLE IV

AREA, LATENCY AND SPEED OF16-BIT, 1024 DEEP TIME-MULTIPLEXED
SWITCHING PRIMITIVES

Primitive Area (Slices) | Latency | Speed
Context | Total | (Cycles) | (MHz)
Merge2 32 41 1 219
Merge3 64 80 1 204

16-bits destination address) and a buffer depth of 16. We
implement buffers in the input queues using SRL16s [34]

Fig. 5. Conceptual Diagram of BFT T Switch (PS & TM) that allow a compact implementation of storage. The queue
controller that we implement around the buffers forms a large
IV. PACKET SWITCHED portion of the area of the split and merge (Tatle. The

The packet-switched split and merge primitives (Figdye entire packet-switched network can run at 166MHz limited by
interface with each other using data-presence and batke speed of the ConceptNet PE.
pressure based flow control. To deal with potential network
blocking, we design our primitives with input queues.

The split primitive has one input, two outputs and a routing The time-multiplexed network statically schedules all com-
function which selects one of the two outputs for the incomingunication between PEs over the physical network. It is
packet. The split primitive computes the routing decision ipomposed solely from the time-multiplexed merge primitive
a single cycle based on the destination address of the packleigure 4). Each merge primitive contains context memory
This routing function determines the path packets will take omhich stores the routing decisions that have been computed
the topology. We use an adaptive routing algorithm for packeaffline. For a given cycle, data in the context memory indicates
climbing up the BFT. A single address bit is used to makewghich merge input is routed on that cycle. Since primitives
routing decision at each switchbox during descent. need to store routing decisions for every cycle, context mem-

The merge primitive has two inputs and one output. Packettyy can dominate the area of the merge primitive for large
arriving on the two inputs must compete for a single output. gycle counts. The following equations describe the area in
simple scheme of arbitration would be to select from the twalices required for time-multiplexed merge primitives as a
input ports in a round robin fashion. We use a more adaptifignction of datawidth and context depth:
sch(_ame that selects a packet based on FIFO occupancies of ContextDepth  DataWidth
the input queues. Areaprerges = 39 + 5 (7)

Area and latency figures for packet-switched primitives are
shown in Tablelll, assuming a 32-bit datapath (16-bits data, Areanserges = 2 X

V. TIME MULTIPLEXED

ContextDepth
32

Table IV shows the area and latency of 16-bit time-
multiplexed primitives for 1024 cycles of context. Context
memories are implemented with SRL16s for compact storage.
The entire time-multiplexed network is capable of running at
166 MHz.

% I ? The static scheduling of the network is performed prior to

+ DataWidth  (8)

runtime by a spatial and temporal router. The router is capable
of computing schedules using two different algorithms: greedy
(similar to that of [27]) and Pathfinder [35]. The greedy router
simply allocates paths for messages on the shortest available
path in space and earliest possible slot in time, avoiding
Fig. 6. Conceptual Diagram of BFF Switch (PS & TM) congested resources. Pseudocode for the greedy algorithm is




GREEDYROUTE
foreach route
/I start search with source’s wires
foreach wire in source.outputWires
if (lwire.occupied
priorityQueue.push(wire)

1%-100% which correspond to consecutive steps in selected
queries.

Nodes in our ConceptNet graph are limited to 128 edges
of fanout or fanin in order to bound the node size and serial
processing time. As we can only process a single edge per
cycle in a PE (Eql, 2), the node with the maximum number

/I spread on wires until touch node that is sink
while network elementode != sink

/I wires closer to sink sorted first

/I wires earlier in time sorted next VIl. M ETHODOLOGY

cur.wire « priorityQueue.pop() To evaluate the performance of our networks, we con-
node — cur.wire.sink _ structed a Java-based infrastructure to simulate the packet-
foreach wire in node.outputWires switched network with cycle accuracy and to compute sched-
if (!vylrg.occup|ed . ules for the time-multiplexed network. We mapped applica-
priorityQueue.push(wire) tions to our networks using a partioner and placer based on
MLPart v5.2.14 which is part of the UMPack [37] package.
o ] While we ensure that single chip logic and interconnect
shown in Figure7. The Pathfinder router allows routes to b‘?esources are sufficient to map our applications, we assume
allocated on congested resources and attempts to negoyigig application graphs can be mapped to the available on-chip
congestion through rerouting. Resources which are congesgg@aMs. We also assume that the required instruction memory
or have a history of congestion become more costly to use &gdl the time-multiplexed PEs can fit in BRAMs. This allows
therefore over time uncongested paths are found. Both routgesig select a message order which optimizes communication
utilize a fast A* algorithm ¢€.g. [36]) to find shortest paths. time for static scheduling.
Additionally, the router is capable of bounding the quality conceptNet consists of four distinct sets of predicates, each
of the computed schedules by computing lower bounds @R giffering breadth and accuracy. The experiments described
total cycle time due to physical latency, bandwidth, and Pfgre were performed on the smallest, highest quality subset
10 Iimitatioqs _(SectionIII-A). Our greedy router empiri_cally consisting of 14,000 nodes and 27,000 edges. This minimal
performs within 15% of all lowerbounds (representative eXypset exercises the core algorithm while containing simula-
amples can be seen in Figurg4-15). Due to the speed andiign run times.
efficiency of th_e gr_eedy router we avoided using Pathfinder toywe yse our Java infrastructure to generate a structural
route communication. VHDL netlist for a given network configuration. We wrote
VHDL for the ConceptNet PEs, implementing the 3 phase
algorithm of the GraphStep system architecture [2]. We im-
We map ConceptNet: Spreading Activation Step with dplement multipliers required in the PE using pipelined LUT-
verse communication requirements onto our networks: level logic instead of the on-chip 18x18 multipliers for speed.
ConceptNet [4] is common-sense reasoning knowledge b&iace we decompose our switchboxes into split and merge
represented as a graph. Nodes represent nouns or nquimitives, we can pipeline and optimize at the level of these

verb pairs (e.g. “cookie”, “eat cookie”) and edges represeimidividual primitives for high performance (see Tabldb
semantic relationships (e.g. “used for”, “is a”). Applications oénd IV). FIFO logic within the split and merge blocks is
ConceptNet include topic-jisting, analogy-making, text sunalso internally pipelined. We synthesize, place, and route this
marization, and semantic prediction. entire VHDL design using the Synplicity Compiler v8.0 and
A key step in the ConceptNet algorithm is spreading actihe Xilinx ISE v8.1i to obtain hardware operating frequency
vation. In spreading activation, an initial set of graph nodemd slice count results. Based on post place-and-route timing
(corresponding to the set of keywords for a particular quergipalysis, any long wires that constrain performance are further
are activated. More details on our FPGA implementatiguipelined.
of spreading activation in ConceptNet are provided in [2].
A single step of spreading activation involves sending an
activation potential from each node to its neighbors along itsWe present three quantitative comparisons to help char-
edges, weighted by the edge coefficient. The percentageaoferize the tradeoffs between packet-switching and time-
active edges (activity factor) over the whole graph dependulltiplexing. First, we compare the performance difference
on the initial query and what step of the spreading activatidretween offline and online scheduling by routing identical
is being performed. As the time-multiplexed network musbpologies for identical 100% activity communication loads.
compute schedules allowing for all possible communicatid®econd, we consider the impact of area and compare the
taking place, we performed our time-multiplexed experimengerformance difference between packet-switching and time-
at 100% activity. The packet-switched experiments were runultiplexing for identical areas. To introduce this comparison
at 100% activity and for a range of activity factors betweewe examine the balance of compute and interconnect in order

of fanout or fanin edges imposes a limit on overall system
performance.

Fig. 7. Greedy Algorithm for Space-Time Routing

VI. APPLICATION

VIIl. RESULTS
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Fig. 8. Ratio of Time-Multiplexed/Packet-Switched Communication Time Fig. 9. Packet-Switched Communication Cycles vs. Area
for Identical Topologies
to determine the correct topologies to compare across area. Time-Multiplexed Communication Time vs. Area
Third, for given area capacities we examine performance while 100000 , Cpsy
varying the activity factor of our communication loads. - bft c=1 p=0.5
8 bft c=1 p=0.67
. . o bft c=1 p=1
A. ldentical Topologies 3 L0000 bit 0=2 p=0
To characterize the inherent performance difference be- g bﬁﬁcﬁinga%§ e
tween offline and online routing, we routed 100% activity ‘- bft c=2 p=1 -
. . . . . o
communication loads on equivalent topologies, measuring the‘§
total number of communication cycles required to route. We S 1000 F E
collected data for BFTs over a range of channel widths £
(¢ = 1,2) and Rent parameter® (= 0,0.5,0.67,1). The 8
ratio of packet-switched to time-multiplexed communication 100 ) ) T
time as a function of PEs for a representative BFT with 1000 10000 100000 1e+06 1e+07

¢ =1andp = 0.5 is shown in Figure8. Network I/O per Area (slices)

cycle (as in Figurel) is also shown on the same graph. At
low numbers of PEs<100) we see that offline and online
routing produce equivalent cycle counts. Small numbers of
PEs induce a light communication load (1-20 messages ey actually increase performance for a given area. Consider
cycle) and little offline/online differentiation. As the numbeghe following example. Given a XC2V6000 with an area of
of PEs increase %100) the communication load increase$2K slices, we fit 32 packet-switched PEs in a BEF 1,
(1003 of messages per Cyc'e)’ and we begin to see offline 0 Configuration. The Sma”er number Of SWitChE$:a£ 1,
routing outperform online routing. Offline routing is able to = 0 allows us to pack more PEs into the chip area, providing
take advantage of global information to make optimal routid§€ optimal performance in that area (1800 cycles, as shown
decisions on larger networks, while online routing is limiteth Figure9). In a XC4VLX200 with 100K slices we can fit

to making local decisions which affect the overall quality of4 PEs, but since the number of messages scales quickly as
route. As a result, online routing requires up to 63% moe increase PEs (Figuy, ac = 1, p = 0 configuration does

Cycles than offline routing to route |arger networks. not pI’OVide enough bandwidth to maintain h|gh performance.
Although ac = 2, p = 0 network can fit only 32 PEs, the

B. Identical Area Constraints extra bandwidth actually increases performance (1000 cycles
To fully characterize the performance difference betweets. 1500 cycles, as shown in Figudg
our packet-switched and time-multiplexed networks we mustFigures9-10 illustrate this tradeoff more generally, plotting
also consider the area they consume. Before comparing areammunication time at 100% activity as a function of area
time curves for time-multiplexing and packet-switching, wever several BFT configurations for both networks. We see
first examine the curves separately to determine the correbfracteristic network performance bounds (Sediigrbegin
BFT configurations for comparison. to emerge for each topology. As network sizes increase for
1) PE vs. Interconnect Tradeof€hoosing the best network both packet-switching and time-multiplexing, we see that
configuration for a given area for either time-multiplexing oBFTs with low Rent parameters become bisection limited
packet-switching relies on balancing compute and intercofieq. 3), while BFTs with higher Rent parameters are preferred.
nect. Trading compute (PEs) for interconnect (larger p) At low areas we are serialization bottlenecked, and therefore

Fig. 10. Time-Multiplexed Communication Cycles vs. Area



Area/PE vs. Communication Time PS + TM Communication Time vs. Area (Best Topologies)

7000 T - T T T 100000 T T T T
Packet-Switched PS bft c=1 p=0 ——
Time-Multiplexed =-=-=---- — PS bft c=2 p=0

6000 P i PS bft c=1 p=0.5

_ S PS bft c=1 p=0.67
B_J 5000 r ) PS bft c=2 p=0.67
g g 10000 ¢ TM bft c=1 p=0 E
o L = TM bft c=2 p=0
2 4000 = TM bft c=1 p=0.5
= s TM bft c=2 p=0.67
w3000 - = ..
(8} i ",
3 E 1000 E
% 2000 r 2
£
1000 | S
0 : ! N L 100 L i L
1 10 100 1000 10000 100000 1000 10000 100000 1le+06 1e+07 1e+08
Communication Time (cycles) Area (slices)
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topologies with minimal switch area that allow us to pack the

. Ratio of PS/TM Communication Time vs. Area (Best Topologies
most PEs require fewer cycles to route. At larger areas those ( pologies)

topologies become bandwidth bottlenecked, and topologiesg 5': I PSITM —— |
with more bisection bandwidth and hence more switch aread ,« | |
are preferred. = 4t i
One important performance characteristic to note is that% 35 :
beyond 200K slices, time-multiplexed performance remains g 3r 1
constant at around 100 cycles. As ConceptNet nodes arég 25| 1
limited to 128 edges of fanout or fanin, at large areas and PEE 2r 1
counts total communication time is limited by PEs processing ; 157y 1
the edges of high fanout or fanin nodes (EgR). Communica- & Ly |
tion time could be further reduced by fanout or fanin reduction & 05 ‘ ‘ ‘ |
and node decomposition. 0 10000 100000 1e+06 1e+07
2) Area-Time Tradeoff:For equivalent topologies at the Area (slices)

same PE count, packet-switched and time-multiplexed nelt-
works may use significantly different amounts of area due ng]
differences in switch sizes and the amount time-multiplexed

context memory needed. Figutd shows normalized area assee that at smaller areas (1K—12K slices) time-multiplexing is
a function of communication cycles for a BFT with= 1 inefficient and requires aroundk2as many cycles to route as
p = 0.5. At low cycle counts time-multiplexing requires afsvcket-switching. At larger areas (12K—200K slices) packet-
factor of 5 less area/PE than packet-switching due to smal itching requires 1-5 as many cycles to route as time-
switches and negligible context memory area. As cycle counfgtiplexing. However, at the largest area values (200K—
increase, however, context memory area increases and tigggonm slices), time-multiplexing'’s § advantage begins to
multiplexing becomes costly. Beyond 8K cycles the BFT timesnyrink down to around 2. This is due to time-multiplexed
multiplexed implementation occupies more area/PE than f&rformance being limited by ConceptNet's 128 edge fanout

packet-switched counterpart. or fanin limit. During this interval the packet-switched network
To fairly compare this area-time tradeoff between timgs aple to close the performance gap.

multiplexing and packet-switching, we examine the best BFT o
configurations from Figure®-10 over all area points in C. Activity Factors
our comparison. The composite area-time curves for packetThus far we have compared packet-switching and time-
switched and time-multiplexed are shown in Figur2 At multiplexing assuming 100% communication loads. For activ-
smaller areas<12K slices) time-multiplexing requires moreity factors less than 100% time-multiplexing must still route
cycles to route than packet-switching. Smaller areas fit fewslf possible communication, but packet-switching only needs
PEs, resulting in higher cycle counts. As area increases,route those edges that are active. At some activity factor
however, time-multiplexing can fit more PEs, decreasing seféss than 100% packet-switching should be able to outperform
alization and reducing cycle counts. time-multiplexing when both are given the same amount of
To quantify this tradeoff, the ratio of packet-switched tarea. Figured4-15 plot communication time vs. activity for
time-multiplexed communication time as a function of arethe best time-multiplexed and packet-switched topologies at
over these optimal topology points is shown in FiglB We areas corresponding to the capacities of a XC2Vv6000 and

13. Ratio of Time-Multiplexed/Packet-Switched Communication Time
dentical Area
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Fig. 15. Communication Cycles vs. Activity on XC4VLX200 (100K slices)

a XC4VLX200. At 32K slices packet-switching outperforms(3]
time-multiplexing for activity factors under 40%. As area

increases and time-multiplexing becomes more area efficient;
at 100K slices packet-switching’s advantage is limited to undga]

5% activity.

IX. CONCLUSIONS

We demonstrate scalable, high performance implementgy,
tions of packet-switched and time-multiplexed FPGA overlay

X. FUTURE WORK

Communication patterns and densities can vary greatly be-
tween different applications. Exploration of more applications
would help us to better characterize the tradeoffs between
packet-switching and time-multiplexing for any given general
application. We are particularly interested in mapping larger
communication graphs with smaller fanout limitations in order
to increase network communication and test the capabilities of
our networks.

Time-multiplexing currently stores context memory as un-
encoded data, and significant area savings could be achieved
through compression. The efficiency of packet-switching could
also be increased through improved routing algorithms and
hardware designs. Finally, our network design space explo-
ration has thus far been limited to single chip networks. We
hope to extend this work to multiple-chip networks, examining
similar area-time tradeoffs.
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