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Abstract

The on-chip interconnect network (OCIN) is the g “meeting ground” for various on-die componesuish as
cores, memory hierarchy, specialized engines,dadte. chip multiprocessor (CMP). In this paper, argue that
there are essential differences between on-diettandvell-studied off-die networks. These differemeecessitate
the introduction of a new set of metrics relatedvidng and embedding, which affects delay, powed averall
design complexity. We apply these metrics to arealarious topologies and show interesting tradeafid non-
intuitive results relating to the choice of topdkrsy such as, higher-dimensional networks may eosuitable for
on-die implementation, on-chip wire bandwidth magt e plentiful as thought, etc. Since this is first
investigation which proposes a new methodology edddr analyzing the emerging area of on-die imtenects for
CMPs, the paper concludes with a rich set of opsues.
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The opportunities afforded by Moore’s Law (doublitngnsistor density
with each generation) are increasingly challengethbee problems: on-
die power dissipation, wire delays, and design dewity [1]. The “tiled” Cache
architecture” approach to designing CMPs proposeslleviate these
problems: each die is divided into a large numbédentical or close-to-
identical tiles [13,18]. Global wires spanning gréficant portion of the
chip are usually avoided to mitigate wire scalimghpems. Each tile has
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relatively low power dissipation and can, for exéambe a CPU core tile,
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a cache tile, a specialized engine tile or somebdoation of the three.

These tiles are laid out in horizontal and vertitimhension by abutment Memory Controller
using some interconnect topology — an example taechitecture iS Figure 1: A 16-core tiled CMP with
shown in Figure 1. This modular approach enable® ed layout and router (R) at each tile

rapid integration of different IP blocks. These avieelming advantages

mandate the use of a tiled architecture over atpproaches.
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In this paper, the design space of OCIN topolodasa tiled many-core architecture supporting témdow
hundreds of cores is explored. Off-chip interconsidave been extensively studied and there ardatadextbooks
on this topic [2-4]. We argue, however, that thare essential differences between OCINs and tféichip
counterparts. These differences, discussed in@e2tinecessitate the introductionnefw metricgelated to wiring,
embedding, and power which are discussed in Se@tiom Section 4 several well known topologies explored
and compared using the quantitative metrics defineéBection 3 as well as certain qualitative measumportant
for OCINs. The analysis using the new metrics shimteresting tradeoffs and non-intuitive resultitiag to the
choice of topologies for on-die interconnect, ahdves why certain topologies can be weeded out vdtiiers merit
more detailed investigation.

We believe that this is one of the first efforts dgstematically look ahow OCINs are different from off-chip
networks and propose a methodology based on a eewf snetrics, in addition to the traditional on&sanalyze
them. We expect that this methodology will evolsethe emerging area of OCINs for CMPs matures. &lenc
Section 5 not only summarizes our study but poseshaset of open issues.
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2 OCIN: What is different?
2.1 Wiring

In off-chip networks, wires are intra-board (usipgnted circuit boards), inter-board (through bdakes), and
across cabinets (through cables). Links are notwgidmarily because of pin-out limitations (Tablg There is
flexibility in the wiring layout arising from physal reality (3D space, many layer boards, multipbards, relative
freedom of wiring with backplanes and cabinets) aire length is not a first order concern. In OCJNe the other
hand:

e Wiring is constrained with metal layers laid outhiarizontal and vertical directions only. Typigalbnly the
two upper layers are available for interconnecingir(in the future, this could increase to 4, whitinetheless
still imposes limitations). These layers are alsared with the power and clock grids.

* Wire lengths need to be short and fixed (spanninly @ few tiles) to keep the power dissipation dhd
resistive-capacitive (RC) product low — this allowses to get the same benefits as logic from teldgy
scaling [9].

e Wires should not “consume space”, i.e., they sthawit render the die area below unusable — sila@tinues
to be at a premium. This implies that only a mortof the tile (over the last level cache, for epdan is
available for OCIN wiring. Dense logic (CPU, fitetzel cache, etc.) provide less opportunity farting global
interconnect wires and, especially, for repeateseiition. Hence, wiring density or “wires per tildge”
becomes an important measure. As will be seenngvidiensity can preclude higher dimensional tope®gis
OCINs, even though they have nice abstract prags(é.g., low diameter).

* There is a notion of directionality: topologies ttlilistribute wire bandwidth per node more evenlyoas all
four edges of each tile are more attractive, sithegy avoid unbalanced wiring congestion in any gjec
direction. For example, with a ring topology, veitend to get used primarily in one direction only.

Off-die Multiprocessors Link (bits) On-die Multicore Link (bits)

Intel ASCI Red Paragon 16 MIT RAW (Scalar, Dynamic) 256, 32
IBM ASCI White (SP Power3) 9 STI Cell BE 144
Cray XT3 (SeaStar) 12 TRIPs (Operand, non-Operand) 110, 128
IBM Blue Gene/L 1 Sun UltraSparc T1 128

Table 1: Comparison of link widths in off- and on-dip interconnects.

2.2 Embedding in 2D

Every topology needs to be laid out in 2D on die ¢ not consider “3D stacking” since this areseskarch is still
at a nascent stage). This means that with highiea{gr than 2D) dimensional networkspological adjacency does
not lead to spatial adjacencyrhis has significant implications both on the evilelay and the wiring density.
Consider 2D embedding of a 3D mesh, as shown iar€ig. For the longest path (from 0,0 (brown) &(&een))
the topological distance is 9 hops but 3 of theggshpan half the length of the chif herefore, the distance in tile-
span units is 18 (3*4 + 6*1). Furthermore, longesircould affect the frequency of operation and imibact the
link power. Finally, some of the tiles towards tbenter of the embedded grapkggre 2b) have up to four
bidirectional links crossing at least one of trediges, while tiles around the edges have one. Lrargwer of links
crossing a tile edge may force the link width tddms than that required by the architecture.

2.3 Latencies are of a different order

Consider the ratio of the latency of the link (gettransmitter drive, actual transfer on wiresgereer and handoff)
to the router (including buffering, switching aridvi control) for a flit: In classical MP systemsjs of the order of
2-4 for single board systems and increases withintneduction of the backplane and cabinets. In K&CIthis ratio
is 1 at best (in unbuffered networks) and is likislyoe 0.2 to 0.4. In addition, in a single-diedilarchitecture with
tens or hundreds of cores, the latency throughirtte¥connect (roughly, number of hops x (routeragiet wire
delay)) will be a significant portion of the totatotocol message latency. For these two reagoiis,critically
important to minimize the interconnect latency tigb proper router design under both no-load anddied
scenarios



2.4 Power

Power is a major factor to consider in OCINS sitiepower consumption of the interconnect relativéhe rest of
the components on-die is a much higher than insidas MP systems. We expect that at least 10-15%efdie
power budget will be devoted to the interconne@!Is for research prototypes, where power optirorais not a
first-order objective, have shown even higher patages. For example, in the MIT Raw processorréotenection
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Figure 2: 2D embedding of a 64-node 3D-Mesh network

network consumes almost 35% of the total chip pd&®e}. Note that with OCINSs, interconnect power \gsowith
the number of tiles. Studies have shown that fonymeonfigurations, the interconnect power is roygévenly
distributed amongst link, crossbar, and buffer©DIs [12], while link power is the overwhelming cponent in
off-die networks. Combined with the fact that OQpdwer dissipation happens within the die, requirfficient
and costly heat removal, this calls for new techagto deal with OCIN power.

3 Metrics

While comparing different network topologies itaten difficult to find suitable metrics or weigldteet of metrics
that a designer must use [5,6]. In this paperdutiteon to traditional metrics used to compare tog@s, we present
a new set of metrics that can be used to compa@dagies for on-die networks. The requirementstfis set of

measures are the following:

» Various topologies of interest, with appropriategmaeters, can be meaningfully compared without ireag
extensive calculations or simulations to evaludiee expectation is to use these quantitative measto
narrow down the set of interesting topologies.

» Conclusions based on these measures are relatioblyst and do not change significantly the choite o
topology, for example, with changes to the undadyinicro-architecture

» Finally, using additional qualitative measures,uisgments and judgment, it should be possible tthéu prune
the set down to 1 or 2 topologies for detailed gtigation.

3.1 Assumptions

» To make the analysis fair in terms of the totaldwidth available at a router node, the total numtfewires
entering or leaving a router is held constant acedistopologies (as shown in Figure 3).
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Figure 3: lllustrating equivalent wiring budget across (a) unidirectional ring, (b) bidirectional ring and (c) 2D Mesh/Torus topologies

*  With regards to tile size, it is assumed that & #5nm process, each tile with a low power core (aith L1,
L2 caches) will be approximately 4 - 6 sq mm inaafether researchers have made similar assumgdti@iis
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This yields 40 - 60 tiles for a die size of 256msm. Using this data point, we calculate that a tilgeaill be
approximately 90K to140K in size, wheré. is a technology independent parameter equal fatmalnominal
gate length. The number of tiles will approximatdiyuble in successive process generations. We asthah
tiles are square and all tiles are of the same size

» Finally, it is assumed that the interconnect o at a single frequency (but not necessarily symciusly).
3.2 Wiring Density

Definition: Tile spanis the length of a single tile. Tile-span is useughout this paper as a fundamental unit for
wire length.

Definition: Wiring densityis the maximum number of tile-to-tile wires routalalcross a tile edge. In some contexts,
the equivalent measure of the number of links @nciels crossing a tile edge will be used.

Wiring density is a quantitative measure of thengrcomplexity of a topology. It relies on the esdite of the pitch
(width + spacing) for each wire in a particular eldayer. The upper metal layers are typicallyduts OCIN. We
apply two factors to the density calculation:

A) Since the global interconnect is usually not routedr dense logic (e.g., core logic and first les@the), the
routable length per edge is a fraction of the tolaledge. This fraction is assumed to be 40-§8086 (60%)
usability implies dense logic occupies 36% (16%dheftile area).

B) To make allowances for via density, power and clgi#ls, the effective pitch is increased by anofnection
(60%). Consequently, the wiring density is calcedafor wire pitches ranging from 1o 32\ based on pitch
estimates made in prior publications [9, 10, 1h].Tkble 2 we consider the two tile edges of BGfd in
140K\, respectively, with 40-60% of the tile edge lenbéing used for interconnect wiring.

Tile Size = 90K, x 90K\ Tile Size = 140K, x 140K\
162 181 242 282 321 161 181 242 281 321
40 % 1125 900 750 643 563 1750 1400 1167 100 875
50 % 1406 1125 938 804 703 2188 1750 1458 125 1064
60 % 1688 1350 1125 964 844 2625 2100 1750 1500 1313

Table 2: Maximum number of wires per tile edge

Table 2 shows that, in the worst case, we will bée @o route over 550 wires per tile ed@éus, for 16B
bidirectional links (256 bits), a topology requigrmore than 2 channels/tile edge will be probleméassuming 1
wire/bit). Thus, contrary to the usual belief, wee ghat on-chip wire bandwidths could be at a puemi Our

analysis assumes relatively small percentage doede dense logic. A higher percentage impliegsacerbation
of the available wires for the global interconne@n the other hand, other factors such as charigagspect ratio
of the tile or restricting underlying logic to lowenetal layers to enable routing over the logicrdniehy could

improve the routability.

3.3 Wire Segments: Measure of Delay, Power

Definition: Wire segmentéor wire length$ needed to implement a topology are classifiedrast spanning 1 tile,
medium spanning a few tiles (typically 2 or 3png: spanning a fraction of the die (typically 1/4more of the die).

Thelongest segmemtetermines the wire delay and, hence, is a detamhiof the frequency of operation.
Thetotal length of wire segmenti tilespan units) yields the metal layer reqmiests of the interconnect .

Definition: The average length of wire segment(total length of wire segments needed by theraunnecty
(number of router nodes x number of wires enteaimguter node)

Theaverage length of a wire segméimt tile span units) is an indicator of the linkvper of the interconnect.
3.4 Router Complexity

The router implementation complexity impacts thetoof design and validation, as well as the areh @ower
consumption. It is primarily determined by whethiee network is buffered or not, the number of inpat output
ports, the number of virtual channels necessadesired, the crossbar complexity and the routigorithm. Some
of these factors are not easily quantifiable. Addilly, a design may be able to absorb the conigléx favor of
desirable properties offered (such as routing phtlersity, etc.).Since the router complexity is thus largely
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implementation- dependent, we believe an impodhstract measure to capture this complexity isdbgree of the
crossbar switch K

The crossbar switch is the centerpiece of the rantéerms of area and functionality. The costhed trossbar can
be measured in terms of:

0] the arbitration control logic, which increasgsadratically with degree K because the number of arbiters
and the complexity of each arbiter both increasedily with K,

(i) the area of the crossbar, which also incregs@slraticallywith K because both the X and Y dimensions of
the crossbar grow linearly,

(iii) the latency through the crossbar, which grdiwsarly with K since the distance and wire length through
the crossbar from an input port to an output pootg linearly with the degree,

(iv) the power consumption, which growsadratically with K because the total wire capacitance witle t
crossbar grows quadratically with K

Thus, the cost or complexity of the crossbar, andxtension that of the router, is closely tiedtsadegree.
3.5 Power

In OCINs, the chief sources of power consumptian ét) the switching activity on the links, (2) thaffers in the
router and (3) the crossbar switch. The average sgégment length is an indicator of the link po{&sction 3.3).
Figure 4 compares link power for various topologissuming the same switching activity for all tamis. The
crossbar degree is an indicator of the switch pd®ection 3.4). We (arbitrarily) normalize the thi power to be
1.0 for a 3-port switch (one that would be used inidirectional ring). Thus a 5-port router (use 2D mesh or
2D torus) would have a switch power of (3/32.8. Another factor to note is that most of thisver dissipation
occurs due to switching activity in the crossbat hinks, not device leakage. Thus, the effect pbtogy on activity
can make a big difference on the total power. Ghar&zing buffer power is more difficult. For a fiered
interconnect, the number of buffers and correspangiower consumption increases linearly with thenber of
input ports or degree of the router. The numbebuaffers and how they are managed is extremelygdesi
dependerit Finally, the relative distribution of power amotige three sources needs to be taken into accoant a
the proper weighted average computed. Assuming He the

baseline, the relative trend in power growth icakdted for various m
topologies based on the above observations. Hidineension 45.5
networks suffer from severe growth in either crasstr link power. g ™ Crossbar
While clever design optimizations could reduce pimaver for any S Links
specific implementation, the chart shows that neffert is required 6
as we increase the degree.

On the other hand, if we compare energy consumptitnich is the
work done to move packets through the network hibber average »]

hop count of a network will adversely impact its esgy ﬁ

consumption. This factor counters the higher podissipation for o o o > > F
; : ; Ring : : at
hlgher dimension networks. Mesh Torus Mesh Torus  Tree

Figure 4: A comparison of link and crossbar

3.6 Performance Measures dower

Performance metrics most commonly used in companietyvork

topologies are average and maximum number of hogsaection bandwidth. Average and maximum nunaber
hops serve as measures of network latency, evamglththey are only a partial indication of the attmessage

latency. The total message latency is the latehiyugh the router times the number of hops. Thentat through

the router includes the link (wire) latency andaties with the load: typical conditions are noddqaspecially with

bypassing of the router pipeline), light load anghhload. Under the constant wiring budget assummp(Section

3.1), simpler topologies such as rings could haidelinks than those that use richer topologieth wigh degree
crossbars.

! Computing a meaningful abstraction is an ongoineg @f work and will be addressed in the final ieTof the
paper.



4 Comparing Topologies

In this section, we consider several well knowrotogies for OCINs. The main characteristics aieflyrgiven for
completeness and issues with their on-die impleatiemt are considered. They are then compared itgiinrely
using the cost metrics introduced in this paged well known performance metrics (Tables 4 amdspectively).
With buffered networks, we also assume that eapblégy has the same virtual channel resourcesaatiky can
be used either for deadlock-freedom or for perfarceaenhancements (to prevent head-of-line blocking)

4.1 Bi-directional Ring

Bi-directional ring, which is a 1D torus, is thengilest topology considered in this paper. This $iciip comes at

the cost of high average hop count (N/4, where thiésnumber of nodes) and low bisection bandwid#t temains

constant at four uni-directional channels. In cafsen-buffered rings routing at each node can lw®mplished in a
cycle. Since the ring channels are wider (2x tHfa2@ mesh/torus) and the per-router delay is loe timg is a

worthwhile candidate for small N. From the crossirad wiring complexity issues, the ring has a chsrantage as
shown in Table 4.

The main drawbacks of the ring are its behavioN ascreases: A) High average hop count- with urfdnefd rings

this leads to throttling at the source and highnates, which could further be exacerbated if peclteat are unable
to sink are misrouted. B) Absence of routing patresity has the potential to degrade performanudeuloaded

conditions. C) The topology is inherently not famlierant to route around router or link failures.

4.2 2D Mesh

2D mesh is an obvious choice for tiled architegusgnce it matches very closely with the physlagbut of the
die. It is a well-understood topology with relafiwesimple implementation and wiring density of ladmel per tile
edge. A low wiring density means that no stringantstraints on channel width are placed.

Router for 2D mesh requires a careful design shigk frequency designs are usually pipelined. Ripdbypassing
at low loads is necessary to achieve low delayuinca router [12]. The crossbar power is relativegh compared
to the ring — split crossbars (quadratic reductioorossbar power traded for a linear increasénia power) could
be a way to address this problem [15].

One of the main drawbacks of 2D mesh is the nofetmi topology view from node standpoint. That issd
bandwidth is available to nodes at corners and¢ge, fewer wiring channels enter/leave nodejenhese nodes
have a higher average distance from other nodes.

4.3 2D Torus

Adding wrap-around links to a mesh creates a ttmpslogy which decreases the average and maximyntoants
and doubling the bisection bandwidth. The wrap-adlinks, however, also double the number of wirignnels
per tile edge to 2. The disadvantage of long wiveich span the length of the die is overcome byt¢lobnique of
“folding” which yields a maximum wires length spamg only 2 tiles.

4.4 3D Mesh

Unlike 2D mesh, the 3D mesh and other higher dim@as topologies do not satisfy the adjacency prgpe
Although, 3D mesh has lower average and maximumduoamts, the topology requires long wires (spanthialj

the die) and the wiring density is much higher ribarcenter than along the edges, i.e., 4 chapeelsle edge as
shown in Figure 2. Finally, the crossbar degred dfas implications on router complexity, no-loatetey and
power.

4.5 3D Torus and Higher-Dimensional k-ary n-cube Topolgies

3D torus shares some of the advantages of the A3 ®uch as symmetry in traffic distribution andpioved
distance measures. It has disadvantages similtrose for 3D mesh, such as crossbar degree of ssakhong
wires. The wiring density for 3D torus is even wotBan 3D mesh with 5 channels per tile edge.

The wiring density and crossbar degree only getsevin higher dimensional meshes and tori (k-acylme with n
> 3). On these accounts, these topologies haveweeded out. However, there is one variant of §etrcube (2-
ary n-cube) — cube connected cycles — which miniteer discussion (Section 4.7).



4.6 Direct Fat Tree

Fat tree topology has a unique characteristicahats all non-conflicting end-to-end connectionshave full wire
bandwidth. That is, any node can communicate with@her node in the network while having 100% geainnel
bandwidth available for this communication (as lasyno other nodes are communicating with the tedes
involved). Interestingly, implementation of a diréat tree network does not require long wirese, taximum wire
length is two tilespans. This is possible becailsg tan be connected so that the routing resowarede shared.

Figure 5 shows a 64-node direct fat tree networkth® 16 routers in this arrangement, four have #aoports,
eight have two 4x and one 8x port, while four htwe 4x and two 8x ports to them (all of this, indé@bn to the
ports connecting the four adjacent nodes). Figgcg $hows one of the eight routers with one 8x.pbiit obvious
that the implementation cost of the crossbar is thise is prohibitivézurther, as the network size grows so does the
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Fiaure 5: (a) 64-node Fat Tree nework. and (b) its correspondina lavout. (c) One of the eidhrouters with one 8x port

complexity (degree) of the router. Hence, this topgg is also weeded out.
4.7 Cube Connected Cycles (CCC)

The CCC topology is derived from the hypercube weiéith node in an-dimensional hypercube being replaced by
a ring of sizen. Hence, am-dimensional CCC ha®%2") nodes.

CCC exhibits some favorable qualities: good bisecthtandwidth, acceptable average and maximum hatand
moderate crossbar degree of 4. The cons for thislagy include unevenly distributed channel bandkviand the
need for some long wires spanning almost half efdhip length. However, the biggest drawback & thpology
is that, unlike the other networks discussed spddding nodes to the network requires the rewiangd layout of
the entire chip, since a node has to be addeddio ®@ale in the hypercube. Finally, the ratio oflas in anrf+1)

dimensional CCC to an n-dimensional CCC is 2(h¥1/&n inconvenient and high ratio for network gtbye..g, n
= 4 yields 64 nodes; n= 5 yields 160 nodes), néedisg) incomplete networks for configurations of interest.

4.8 Hierarchical Ring Topology

Topologies compared in Sections 4.1 through 4.7qaite typical in off-chip interconnects and sonfighem have
been commonly proposed for on-die implementationwad. There are, however, variations of these dasi
topologies that can provide good cost-performanedebffs [16]. One such topology is the hierardhidag
topology. In this section, the hierarchical ringatogy is discussed to illustrate how such noniti@uhl topologies
can offer interesting alternatives for on-chip iempkntation.

Arranging rings in a hierarchical manner has théepial to overcome some of the drawbacks of simple
bidirectional rings discussed in Section 4.1 whééining the key advantages of that topology. &tigrical ring
(H-Ring) topologies can be arranged in severalediifit ways, based primarily on the number of lewelshe
hierarchy (usually two, three or four for netwoikes up to 256 nodes). In this paper, we introducenew ideas
that can be used to improve the bisection bandvadth reduce average latency of the hierarchical tépology.
We also introduce a 3-tuple representation to weligdescribe various H-Ring configurations.

A typical H-Ring network, as proposed in [7][8], r=ists of three or morkcal rings, where each local ring
connect: endnodes. These local rings are connected togietlaehierarchical arrangement, culminating atrglsi
global ring. Previous studies have found that in off-dieiltiprocessor systems organization of the memory



hierarchy as well as memory access pattern impletsptimal hierarchy [8]. In this work we do ndteanpt to find
the optimal arrangement but focus on the cost anfbpnance implications of embedding H-Ring topasgn 2D.
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Figure 6(a) shows a two-level H-Ring with four nedie each of the four local rings. Figure 6(b) shdww this 16-
node H-Ring can be embedded on a 2D die. Noterthaimum length of a wire segment is one tile. Tajout can
be extended for 32, 64 and higher network sizese\8&gments longer than one tilespan are not neswléghg as
the topology is organized as four adjacent localsi

To improve performance and fault tolerance, we pseptwo new design parameters to the basic H-Ripglagy.
The first parameter is the number of “taps” thaba-local ring has on the ring at the next loweeleFor example,
Figure 6(a) shows a 16-node H-Ring where the gldbglhas one tap on each global ring. Figure skows a 64-
node H-Ring where the global ring has four tapgach local ring. Figure 6(d) shows a wire-efficieytout of this
topology that does not require wire segments lorthan one tile-span. By placing the two pairs gfstat
diametrically opposite ends of the local rings, siverage distance from an endnode to a tap is eedieit having
four taps increases the average distance on thalging.

The second parameter we propose is the numbenginieach level of hierarchy. Networks shown igufes 6(a)
and 6(c) both have one global ring connecting flmeal rings. This may cause the global ring to lmeeoca
performance bottleneck — a problem that havingtaaidil global ring can mitigate.

Finally, in order to uniquely represent the variaenfigurations of H-Ring topologies, we propose-tuple
representation for each level of the hierarchy. Bkeple is {n, r, t}, wheren = number of nodes at a particular
level,r is the number of rings connecting this level foriext lower level antlis the number of taps. For example,
the 64-node H-Ring network shown in Figure 6(ajesoted as {16,1,1}: {4,1,4}.

HR{16,1,1}:{4,1,1} HR{16,1,1}:{4,1,2} | HR{16,1,1}:{4,1,4} HR{16,1,1}:{4,2,2}

Maximum Hop Count 18 12 12 10
Average Hop Count 9.5 8.6 5.7 6.8
Bisection Bandwidth 4 4 4 8
No. of Routers w/ Degree 5 & 3 4 & 60 8 & 56 1684 16& 48
Number of Wire Segments 68 68 72 72
Total Wire Segments Length 68 78 80 92
Average Wire Length 1.1 1.2 1.25 1.44

Table 3: Comparison of four 64-node H-Ring topologis

Table 3 presents a comparison of four H-Ring camfijons using basic cost and performance metifsle the
metrics used in Table 3 do not capture the imprgvadormance within a local ring, it is clear that a modest
increase in cost, even the simplest H-Ring tope®dinamely, {16,1,1}:{4,1,1} configuration) offermodest
performance improvement over the simple bi-dire@laing. More detailed studies on the performaoicel-Ring
topologies have shown that for limited switch abedget and high locality in traffic, optimally cogéired H-Rings
can outperform 2D Mesh networks by up to 30% fdwoek sizes of 128 nodes and under [7, 8].

Qualitatively, H-Ring topologies can offer bettaulk isolation and avoid single point of failuréwo of the main
drawbacks of the simple ring topology. FurthermdieRing topologies with more than one global riragsl taps
per local ring can provide marginally higher bisgetbandwidth and some path diversity. On the whbldRings
have improved performance metrics as compared dgostimple ring and compare well with other topolsgie
However, if applications are not mapped properlyh® network’s hierarchy, the inter-ring interfaces become
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major performance bottlenecks. Furthermore, simaffi¢ must be buffered at least at the inter-rinterface,
ensuring starvation freedom and deadlock avoidanet as easy in H-Ring topologies as it is in@emunbuffered
rings.

49 Results

To make the discussions concrete, Tables 4 anddept the values for metrics discussed earlidrémpaper for an
example 64 node network. Table 4 compares theafosirious topologies while Table 5 presents a canspn of

the same 64-node example network using commonlg pegformance metrics. Each entry is color coddé ie

usual meaning (green: desirable, red: undesirgblw: borderline).

Ring | 2D Mesh | 2D Torus 3D Mesh 3D Torus FatTree CCC

50064 00112 @96, 012816
| 128 |

128

Number of Wire Segments: L,M,
Total Number of Wire Segments
Total Wire Segment Length
Average Wire Segment Length
Wiring Density

Number of Switches

Switch Degree 5

3
Relative Link & Crossbar Power H 2.3 3.1

Table 4: Comparing the cost of topologies with 64relnodes.

In addition to the standard performance metrickl§ & shows the latency measure for each netwadkerumo-load
condition.Also, a recently-proposed measure of “effectivedvéidth” [4] is used to compare the upper-limit o t
effective bandwidth of each of the network undeedse traffic patterns.

Ring | 2D Mesh | 2D Torus | 3D Mesh | 3D Torus | Fat Tree CCC

Average Hop Count
Maximum Hop Count
Average Latency
Bisection BW
Effective BW: Uniform
Effective BW: Hot-spot
Effective BW: Bit Complemen
Effective BW: NEWS
Effective BW: Transpose
Effective BW: Perfect-Shuffle
Table 5: Comparison of performance of topologies th 64 endnodes

The following conclusions can be drawn from thigastigation:
* The fat tree topology is weeded out, because optbkibitive crossbar cost among other issues.

* The cube connected cycles has relatively good messexcept for the wiring density. The latter camd
with some of the qualitative cons mentioned eafbealable design) makes this topology unattractive

e The 3D torus and 3D mesh have attractive metrice@ for wire density and a high crossbar dedtas.
possible that these may become attractive candidatevery large number of cores (high hundreds; lo
thousands).

e The ring has poor measures, has the potentiahferdonnect bandwidth wastage, and suffers froreroth
drawbacks (no path diversity, poor fault tolerané¢¢gnce we find this topology not suitable for higide
counts.

» The H-Ring, 2D mesh, and 2D torus have attractiymlogical properties as the table summary shows,
though the H-Ring’s bisection bandwidth is bordezli The hierarchical ring has some qualitative cons
mentioned earlier (poor fault tolerance, suscelftibio performance bottlenecks at interface betwde
rings, poor path diversity, etc).

The 2D mesh and 2D torus are clear candidates fitora detailed study. While the mesh has simplioityits side,
the torus has superior topological and performaadeantages, which could potentially be offset byingi
complexity. The H-ring’s organization merits a deeptudy requiring the impact of the coherenceqmais on the
overall complexity, which is outside the scopetu$ investigation.
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5 Conclusions and Open Issues

In this paper, we have argued that OCINs for tdechitectures necessitates the introduction of matrics related
to wiring and embedding which affects delay, poward overall design complexity. The applicationtioése
metrics has shown several interesting results: Ae¥Vfor interconnects are not plentiful and hebaadwidth is
not cheap, especially, for higher dimensional nek&oe- this is contrary to normal belief. B) Highdimensional
networks, while topologically appealing, have sesidimitations arising from long wire lengths neéde embed
them on the 2D Silicon substrate: they could lithi2 frequency of operation and they consume povkanther,
they typically need high degree crossbars whiclo alsacerbates the wiring and power issues. C) wihag
analysis gives an indication of the wiring comptgxof each topology. This could be used, for exEmm
analyzing if additional metal layers are neede@rvide a richer interconnect considering the albeh costs and
design decisions.

The methodology presented here can not only be tsedeed out
topologies but also to examine if microarchitecturar circuit 30 | 30 |31 |31 32323333
optimizations can be done to improve the cost m®iwhen a topology . - - -
has other desirable features. For example, if dtessbar power is | 30U 0 31| 3 32]) 321} 33 | 33
excessive in a 2D mesh, could alternative designg.,( partitioned
crossbar) be used to reduce the power? Sincestthi ifirst investigation
which proposes a new methodology needed for amalyttie emerging | 20]| 29| 21]] 21]] 22]| 22]]| 23 23[

20]| 20| 21| 21]| 22| 22|| 23] 23
1

area of on-die interconnects for tiled chip mubigessors, there are a

. . 1,0 1,0 1,1 1,1 1,2 1,2 13 1,3
number of interesting areas for further study: Ahe buffer component g 1 i =1
of power in the OCIN has not been considered ingaper. We are | 10 1,oj nilll vl vzl 12| sl 13

working on a proper abstraction of this componerddmplete the power ﬁ —
metrics. B) The energy consumption of networksansther important | *%f °% &L 01| 02 0’2] ) sl
area which has not been considered in this pa@grAn important class | ool ool o1l 01| 021 02|l 03| 03
of networks which we have_ not consi(_jered are i_ruﬁimtwor_ks. At first - Av\'me efficierlu - OLEfl t;
blush,_ these seem to require long wires spannitfgthe chip an(_j may 3% toch network Shown % Figure 2,

have issues with layout since they seem to needeskaspect ratios. A

deeper analysis of indirect networks is meritedydner. Additionally,

there are a number of other interesting variant®pdlogies we have not considered. For example,interesting
topology — a variant of the 2D mesh [16] - whicHuees the average distance merits a study in azeoedwith the
methodology we have outlined. D) Non-uniform sizées will affect router layout and wiring. Whetheuch
aspects can be incorporated as a meaningful nretmains to be seen. E) Our analysis assumegwbatnetal
layers are available for OCINs — the analysis camxXtended in a straightforward manner if additionatal layers
become available. If they do, different tradeatfisy exist and higher dimensional topologies couddame
appealing. F) A wire efficient embedding of the &i2sh is possible (see Figure 7) where wires aracst 2
tilespans long. This embedding has an issue vétigth re-use. When a topology grows, the layodtwining of

the entire chip needs to be redone. Wire efficeanbedding is a topic for further research.
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