Mesh and T orus Chaotic Routing

Kevin Bolding and Lawrence Snyder

Department of Computer Science and Engineering

University of W ashington, Seattle

Abstract

The chaos router is an adaptive nonminimal message router for multicomputers that is

simple enough to comp ete with the fast, oblivious routers now in use in commercial machines.

It improves on previous adaptive routers by using randomization, which eliminates the need for

complex livelo ck protection and sp eeds the router.

The two-dimensional chaos router is shown to b e theoretically sound and physically realiz-

able. Extensive simulation studies compare chaos routing with oblivious and de ection routing

in mesh and torus networks. Chaos routing is shown to b e comp etitive for mesh networks and

sup erior for torus networks. This high p erformance is, p erhaps, unexp ecte d for the mesh since

there is no �nite b ound on the delivery time of any message.

1 In tro duction

Chaotic routing is a randomizing, adaptive, message routing technique that has previously b een

shown (in simulations) to b e e�ective for the binary n-cub e (hyp ercub e) top ology [KS91]. The

technique is nonminimal, i.e. messages do not necessarily take minimal paths to their destinations,

and randomization plays a critical role in preventing livelo ck, i.e. in preventing messages from

continually circulating in the network without b eing delivered [KS90]. Though the principles apply

as well to batched message communication, chaotic routing assumes a continuous workload where

messages are presented at the no des for injection into the network at random real (or �ne-grain

discrete) times. Routing decisions are made lo cally in the routing no des based on the destination

address stored in the headers of the messages and the av ailability of outgoing channels. Messages

can \cut-through" no des if an outgoing channel is immediately av ailable, but they may also b e

stored in the no de if all outgoing channels are blo cked, motiv ating short, e.g. 20 it, messages.

Chaotic routing’s success on the hyp ercub e suggests that it might b e e�ective for other top olo-

gies. Networks of low dimension are imp ortant b ecause the trend in parallel computer design is

towards mesh and torus based communication structures such as in the Intel Paragon, the T era

computer, and the Caltech Mosaic. But applying \chaos" in two dimensions p oses several prob-

lems. First, chaotic routing relies on theoretical foundations, the theorems of which have only b een

proved for hyp ercub es. This is easily remedied by the results in App endix B. The second problem

is subtle and applies to any nonminimal adaptive router.

In a mesh with uniform random tra�c, there is a \hot sp ot" in the center of the mesh. That

is, the shortest message paths b etween two p oints tend to cross the center of the mesh, causing the

resources in the center of the network (wires, bu�ers, etc.) to b e more heavily used (see Figure

1). All adaptive routers will try to use these paths, but nonminimal adaptive routers, when they

encounter congestion, will try to \deroute" a message away from the congestion. In such cases the

hot sp ot can act as a barrier o� of which messages can \b ounce": That is, the forward paths are all

congested, the message is derouted \backwards", and starts forward again, not having moved (or

b een able to move) away from the congestion. Though all nonminimal adaptive routers are sub ject

to this typ e of b ehavior, the a�ect on p erformance v aries dep ending on the typ e of router.

1

Figure 1: Average injection delay for a 256-no de mesh.

Priorit y adaptive routers time stamp each message and routing is governed by the rule: oldest

message �rst. Thus, messages b ouncing o� the hot sp ot will eventually age enough to b e routed

through it. Matters are not so certain for the chaos router, however. The primary adv ancement of

chaotic routers [KS90] is that they eliminate the time stamping and the time consuming prioritiza-

tion, replacing it with a reliance on randomization. But there is no mechanism that can assure the

delivery of a message in a �xed �nite time. A message can continue b ouncing o� the hot sp ot for an

arbitrarily long p erio d of time. Because of the probabilistic livelo ck freedom proved in App endix

B we know that the probability that the message has not b een delivered in t steps go es to zero as t

increases. So we can b e con�dent that the message will b e delivered eventually

. But it could take

a very very long time, leaving us with the question: Do es chaotic routing work for the mesh?

In this pap er, b esides proving the \necessary theorems" for two-dimensional chaotic routing,

we present simulation results comparing chaotic routers with oblivious routers and de ection, or

\hot p otato," routers on the mesh and torus top ologies of sizes 64, 256 and 1024 no des for b oth

uniform random and hot sp ot loads. Three highlights are worth noting:

� On the mesh, chaotic routing p erforms as well as oblivious and de ection routing in through-

put and latency for uniform tra�c.

Thus, chaotic routing do es work on a mesh, and in fact works ab out as well as other routers when

the tra�c is uniform.

� On the mesh chaotic routing p erforms b etter than oblivious and de ection routing in through-

put and latency for nonuniform hot sp ot tra�c.

Since it is likely that programs exhibit nonuniform tra�c patterns the p erformance in such cases

is p erhaps more signi�cant.

� On the torus chaotic routing is decidely sup erior to oblivious and de ection routing in through-

put and latency .

The torus has b etter bisection bandwidth and b etter worst case path length than a mesh of similar

size at the cost of a few extra wires. Its vertex tr ansitive prop erty aids the chaos router in giving

it signi�cantly b etter p erformance. The chaotic torus router is the b est two dimensional packet

router to our knowledge and thus a candidate for the next generation parallel computers.

2

2 Relationship to Previous Researc h

Boro din and Hop croft [BH85] use the term oblivious to refer to routers for which the path of any

message is completely determined by its [source, destination] pair. They proved that oblivious

routers in an N no de, d degree top ology require p

N =d

3=2

steps to route some p ermutations. The

p o or worst case p erformance and their fault intolerance would do om oblivious routers for use in

multicomputers were it not for the fact that they are extremely simple, and thus fast. Accordingly ,

oblivious routers are the state-of-the-art for MIMD multicomputers such as those built by Intel,

Ametech and NCUBE. Dally

, Seitz and Flaig intro duce oblivious routers of the typ e considered

here for the mesh [Fla87

] and torus [DS86] top ologies.

Randomization was �rst applied in the context of message routing by V aliant and Brebner

[VB81], though in a way quite di�erent from the chaotic approach. Their technique | select a

random intermediate destination for every message, route the message to that destination and then

on to the true destination | was applied to batched routing in a hyp ercub e. It could obviously b e

applied continuously [CS86] and in two-dimensional top ologies. The main di�culty with this typ e

of randomization is that it doubles the exp ected path length of any message.

An adaptive mesh router was prop osed by Ngai and Seitz [NS89], but it di�ers from the chaotic

approach by using timestamps and prioritization to prevent against livelo ck. Comparisons b etween

prioritized and chaotic routers have b een p erformed [KS91]. Adaptive wormhole routing using

virtual channels has b een studied by Duato [Dua91].

\Hot p otato" or de ection routing is another scheme capable of adaptive routing [Smi81, Max89,

FS91, Smi89]. The approach is synchronous and the time step is long enough to transmit an entire

packet. At each step the incoming messages are paired with outgoing channels and are transmitted

in the next step. The pairing is done in a v ariety of ways: Certain deterministic algorithms

attempt to maximize the numb er of messages sent out pro ductive channels, while others use a

greedy algorithm with random selection. Those messages not receiving a pro ductive channel are

\de ected," i.e. derouted, out any av ailable channel. De ection routing di�ers from chaotic routing

in several ways: Chaotic routing is not batched, i.e. do es not require all headers to b e present at

once, thus p ermitting fast self-timed or high clo ck rate implementations, and b etter utilization

of channels since messages can cut through, i.e. messages can b e \in" multiple routers at once.

Chaotic routing p ermits messages to wait for forward tra�c to clear, thus reducing time consuming

deroutes which necessarily delay the packet at least two \message times". Pausing for tra�c to clear

cushions the a�ects of bursts. Finally

, chaotic routing resorts to derouting only under conditions

of high load, when slower p erformance is inevitable.

3 Chaos Router Design

The chaotic router studied here is a two dimensional v ariant of the hyp ercub e chaotic router

[KS91]. The basic design of the chaos router is similar to a typical oblivious virtual cut-through

router, with input and output frames connected by a crossbar switch, and hardware to increment or

decrement the headers of messages as they pass through (see Figure 2). Two primary distinctions

exist, though. The �rst is that the routing relation no longer sp eci�es a single channel to traverse

next, but instead a set of equally pro�table channels. The �rst av ailable pro�table channel will

b e chosen for routing. The second distinction is the addition of a small (5 message) bu�er, the

MultiQueue, which holds messages for which no pro�table channels are immediately av ailable. Since

3

2: Twcrouter the space is o� of the critical messages in the do not blo ck b ehindenqueuealong separate crossbar wheneverthey have b access to any pro�table channel long forentiremessageb o to have arrived ininput order to prevent deadlo cwhen a message read from queue into output frame for ci and input frame for ci is full, message in input immediately read into cannot enter the from the injection whicare awaiting the av ailability ejection do not enter as will b e by pro Whenevan output cthat is pro�table for a message the b ecomes av ailable,

�rst in the which can that cis sent the queue through another crossbar to the frame that cseveral pro�tably a channel at same time, priority is given to messages the (in FIForder);

comp eting input frames are chosen A criticalsituation o ccurs a is sp eci�ed to b e sent to but the queue completely In such a situation, a message randomly from to b �rst av ailable channel so ro om will b created in the for the newly message.

provides an additional of adaptivity the chaos router allows use of packet-exchange proto col deadlo ck prevention

[NS89ork p erformance of di�erent routing scv aries mucaccording to mo del of netwb eing the studies of chaos routing, wuse the following netwmo The network a regular two-dimensionalnetwork bi-connected no des.

Betweacpair adjacenno inthenetwork thereisa consisting control wires and a single

Thedatabusisb etwthe two directions, with arbitration o ccurring b etween b messages

�xed-size packets consisting of a and several data wThe width of the data determines the size of a it which is the amount data which can b transmitted over data bus in parameterize the packet size in our studies of the numb of its p er packet,

LThfor 16 bit wide a 20- it would cona

16-bit header and 304 bits constrain exp eriments to messages size 20 which is consistent existing multicomputer e the two-dimensional mesh and the two-dimensional this investigatiochanges p erformance with network size, we compare networks of 64, and 1024 no e study routers in this pap oblivious router, the chaos and currenmulticomputers use some v ariant of oblivious chose a virtual through oblivious router input and output to proa for current techniques.

provide from a router on [FS91] to proanother for comparison. ,we study the chaos router as presented in Section oblivious studied is based up on the Kermani and Kleinro ck

[KK79] virtual through

Sp , the router consists set of and frames and switch whicconnects eacinput frame to evoutput frame.

Each channel has one input one output frame, eaccapable of holding exactly messageinjection delivery channels also havan frame and an output frame, resp ectiv, which are to crossbar well.

Op the router pro in virtual cut-through wheneva message arrives in an input it is immediately to the frame channel on its path to its destination,that output frame av is not receive the entire message an input frame b efore the header is sent the output output frame not immediately av ailable,message will wait the input frame until it b av blo cany b it if Op of the channels pro in demand-driven routing an adaptive routing scheme in which messages arriving at a no are guaranto leavthe no in the next routing attempt to assign each message a channel whicit distance to its destination giving to messages with direction, followed brandomly assigning any remaining messages the remaining cscheme do es not quite the network mo del presented in

F the oblivious torus router, care implemenby giving each physical ctwo output

Since this an oblivious there will b e only one p ossible output cat eacrouting step. In order prevendeadlo ck, the cmust b traversed in of channelsmustalwysb e av ailableand, thus, cannotb ecomp for bdividing eacrouting cinto two cof one half of chaos oblivious de ection proto col requires that the incoming messages arrive same moment, which generally accomplished in their netwmo dels busing very bandwidth ccapable transmitting entire message eacour mo del multiple- it messages, a routing may o only entire message arrives a no resulting a store-and-forward technique without virtual through.

analyticalmo dels presenin

[FS91], all messages which arrive a destination no de are removfrom network at our simulations, we limit the delivcapabilitto the bandwidth of a standard network c(one it p cycle), as would b in a realistic implemenorder compare the e p of the di�erent routing sca synthetic worklois to the simulated netwp erformance measurements are takchoice of workload critical when trying to compare the scprovide simulation results twworkloads:uniform andom hot ot uniform tra�c, each no presents a message network with destination cfrom each of the no in the network. The time b etween presentation messages is crandomly with a time based on the simulated applied load presented as a fraction of the maximum load the network could handle if there were is as the p oint at which the utilization ccut ba bisection the network reac100% assuming eacmessage this with probability If channels of network wutilized

100% of time all messages traveled the paths av ailable, this maximum throughput would b e obtained under uniform random maximload is then computed as the minimum inter-injection p erio for each networ the network mo del presented in 4, one it b e transmitted cin cycle, minimum inter-injection p erio d p er no de pL cycles for -no meshes pfor

-no tori messages length L ot uniform random tra�c is a natural mo del network many applications used mcreate tra�c which several hot ot no des that receive more tra�c the rest the network. e attempt mo del an abstract by a synconsisting of the same injection load uniform random tra�c, but with skewin the following

\hot" no des are cat the b eginning of simulation, each b eing four times as likely as other no des to b the destination of Ththese no b ecome hot sp ots which represent no that are synclo cking in a multicomputer The total loading network as for random Simnetworks androuterswere conductedusing it-based simulator inC.

simulations were based on cycle time cycle is the time to single it across ccan b e made in single

Thif a enters a at cycle t, it may enthe router early as cycle

1Simulatiwrun by applying the simulated to network a continuous

Statistics were in interv als which each no of the network injected at least messages.

Avaverage were computed for each statistics interv al convergence was determined when the standard deviation of b oth of measures over recent �ve interv als wless results presented here represent the averages deviations 3 to The statistics rep orted here are the average of the network normalized the imum throughput under uniform random load and the average of messages latency as time from presenof message to network until the message has b completely removfrom the network at its (notice that do es not queueing describ earlier, simulations wp erformed on meshtorus-connected networks of 1024 no des using tra�c

\hot sp ot" tra�c each of the three routing scstudied.

average average latencies rep o p erformance, we concentrate the high-load and medium-load or low all schemes are to deliventire applied load without di�cultp oinat which network and network is not able to kup with the is the interesting p oinin this the shap of the throughput curvab ove saturation imp ortant do ever with increasing applied is a critical issue during lower p erio Aloads ab ovsaturation, since the network kup with load the latency messages which get b ecomes of only p inHowevnetwork op erating b elosaturation, it latency that the �gure of Thwe will throughput saturation p oints and b elow-saturation as the �gures of merit for networks e presenfull and latency curvfor

256-no de networks with chaos routing.

graph only data routing b the store-and-forward the router results in esp ecially high latency

Since the shap of the curves not appreciably over di�erent network sizes, we presenonly

100% and 50% latency p oints other size networks. The raw is given all networks

App mesh networks uniform random tra�c, all three routing scgive similar put results

(Figures reaches

80{90% of the maximum throughput eac

F or the router, since the entire message must b e receivb efore transmission b egin, a entering a at cycle t will leave until cycle + L

0 20 40 60 80 100

10 20 30 40 50 60 70 80 90 100 + + + + + + + + + + + x x x x x x x x x x x o o o o o o o o o o o + chaos x oblivious o deflection

0 200 400 600

10 20 30 40 50 60 70 80 90 100

+ + + + + + + + + + + x x x x x x x x

x x x + chaos x oblivious

256-node Mesh Throughput (Uniform Traffic) normalized throughput

% max load

256-node Mesh Latency (Uniform Traffic)

% max load cycles

0 20 40 60 80 100

10 20 30 40 50 60 70 80 90 100 + + + + + + + + + + + x x x x x x x x x x x o o o o o o o o o o o

+ chaos x oblivious o deflection

0 200 400 600 10 20 30 40 50 60 70 80 90 100

+ + + + + + + + + + + x x x x x x x x x x x + chaos x oblivious

256-node Mesh Throughput (Hotspot Traffic)

normalized throughput

% max load

256-node Mesh Latency (Hotspot Traffic)

% max load

cycles

256-no case there is no in throughput as the load approaches The latencies for the ious and chaos routers very close throughout load with the chaos slightly b v p erformance of adaptive schemes is actually lower would b exp additional hardware gives little or b under random is the

50

60

70

80

90

100

4 6 8 10 12

+ + + x x x o

o o

+ x o

Chaos

Oblivious

Deflection

Throughput (Uniform Traffic) network size (log 2)

normalized throughput

50

60

70

80

90

100

4 6 8 10 12

+

+ + x

x

x o

o

Throughput (Hotspot Traffic) network size (log 2)

normalized throughput

40

60

80

100

120

4 6 8 10 12

+

+

+ x

x

x

Latency (Uniform Traffic) network size (log 2)

cycles

40

60

80

100

120

4 6 8 10 12

+

+

+ x x

x

Latency (Hotspot Traffic) network size (log 2)

cycles

4: Meshthroughput(100%load) andlatency(50% load) netwsultthelarge sp ot inherenpresent in the center of networks

(Figure which creates substantialbarrier to cross-network oblivious router sends sages straightthrough hot sp ot, even if slo, adaptive routers to congested cenHowevsince the area is so large, to b the p for long p erio ds of resulting very long from source to hot sp are added to mesh, crouting b distinctly b than de ection routing small networks, with b ene�t declining network size and 4)can b seen as the oblivious throughput increases with network chaos throughput remains relatively small networks the oblivious esp low, resulting in high latencies the additional b ehavior to the fact the central sp ot presents a more barrier larger networks networks ten hot sp ots the tra�c greatly the chaos router p b but as network grows, the central hot sp ot dominates tra�c ow the oblivious p erformance improvThsmaller netwthe y of chaos prov

Data is currenaailable for the 64-no de de ection

02040608010010 20 30 40 50 60 70 80 90 100

+ + + + + + + + + + + x x x x x x x x x x x o o o o o o o o o o o

+ chaos x oblivious o deflection 020040060010 20 30 40 50 60 70 80 90 100

+ + + + + + + + + + + x x x x x x x x x x x

+ chaos x oblivious

256-node Torus Throughput (Uniform Traffic)

normalized throughput

% max load 256-node Torus Latency (Uniform Traffic) % max load

cycles

0

20

40

60

80

100

10 20 30 40 50 60 70 80 90 100 +

+

+ + + + + + + + +

x x x x x x x x x x x

o o o o o o o o o o o

+ chaos

x oblivious

o deflection

0

200

400

600

10 20 30 40 50 60 70 80 90 100 + + + + + + + + + + +

x x x x x x x x x

x x

+ chaos

x oblivious

256-node Torus Throughput (Hotspot Traffic)

normalized throughput

% max load

256-node Torus Latency (Hotspot Traffic)

% max load

cycles

256-no torususefulinmesh,butthisadv antage with increasing network

0204060801004 6 8 10 12

+ + + x x x o o o

+xo ChaosOblivious

Deflection Throughput (Uniform Traffic) network size (log 2)

normalized throughput

0204060801004 6 8 10 12

+ + + x x x o o Throughput (Hotspot Traffic) network size (log 2)

normalized throughput

501001504 6 8 10 12

+ + + x x x

Latency (Uniform Traffic)

cycles

501001504 6 8 10 12

+ + +

Latency (Hotspot Traffic)

cycles

6: Meshthroughput(100%load) andlatency(50% load) netwnetworks, the crouter p erforms signi�cantly b etter b oth and de ection routers in all resp (Figures 5 and 6).Since a torus is ansitivenetwork app ears the same to evno de, tra�c is uniformly distributed throughout netwunlike the translates into a p erformance adv antage for chaos which allows to use entire network without the constraints oblivious order chaos router achievnear-maximum random tra�c netwwhile the oblivious and de ection routers top at 55{70% p Again, latencies remain low for low medium loads, indicating vsup erior p A disturbing prop ertof torus oblivious is that maximum throughput is achievthan the maximum due to a disturbance of vertex-transitivity of network intro by addition deadlo ck preventhe virtual-channel deadlo cprevenscheme

[DS87] distinguishes no as

\sp ecial" order to break the uniformity of the network is brokhot sp ots intro at results the degradation of as is chaos routers preservuniformity of the network do not exhibit this b eha sp ottra�c,adaptiverouters p well andthe oblivious router an leveling of than with random tra�cadv antage of chaos routing is clearly apparenas throughput latency are minimally by the non-uniform tra�c

Ovthe chaos router is sup erior to oblivious and de ection routers for the torus netwhave presented a two-dimensional v arianthe hyp ercub e chaos and shown it to b e viable theoretical foundations of two-dimensional router have b een presenwdesign of chaos router has b een given which is of comp eting with critical-path complexitp erformance of the chaos router comparable to meshes with tra�c b etter with sp ot networks, chaos router p much b than the oblivious e wish to thank

Sen-cCheung for running hof simulations of routers

Carl

Eb for his help designing the router, and Smaragda

Konstanfor her original

chaos design wwork wsupp orted in part by the of Nav al Research under

Grant

N00014-89-J-1368,

National

Science oundation

Grant

MIP-9013274,and an Intel oundation elloReferenceBoro din and E. Hop merging and sorting parallel mo computation.

Journal of and System es,30:130{145,Chang J. Continrouting and batch routing on hyp ercub dinPrinciples

Computing, pages

272{281.

ACM,

Dally and C. torus routing cd Computing,

1(3),

Dally and C. Deadlo cmessage routing in multipro cessor innetworks.

IEEE T ansactions

Computers,

C-36(5):547{553,May

Deadlo cadaptive routing algorithms for mT e Informatiques10(4):275{285,[Fla87]C.

Flaig.

VLSI mesh routing

California of ecMay

delivery capabilitof the was increased to 4X for 64-no de oblivious chaos torus netwwith hot sp ot tra�c.

Data is currenaailable for the 64-no de ection anganalysis ofde ectionrouting multi-dimensional

regular netwdings of IEEE

INFOCOM’91pages

859{868.

April and L. Kleinro ccomputer commswitctecComputer

Networks,

3:267{286,Konstanand

LaSnchaos practical randomization in network e dings of the 2nd osium

Aand

Aes,

21{30.

ACM,

Konstantinidou

Lawrence

Snrouter:

Architecture and p dings the International on Ae212{221. May N. F. Maxemchof de ection store-and-forward techniques in street shu�e-excnetwIn dingsIEEE

INFOCOM’89800{809. Y. Ngai C. Seitz. A framework for adaptive routing in multicomputer netwdings the of lel Aand

Aes, pages

AArcapplications HEP multipro cessor computer In e dings of SPIE, pages

241{248, Da. Design tradeo�s for a high sp eed network no de.

echnical

Rep ort

SR89-007,

Sup Research

Center

Institute for Analysis,

Bowie, G. aliant and G.J.

Univscfor parallel commdingsof

13th ACM ory of Computing, pages

263{277,

App endix A: Numerical Results

Data for 64, 256, and 1024-no de mesh and torus networks with uniform random and hot sp ot tra�c. Statistics

presente d are the means and standard deviations for normalized throughput and latency over three runs using

di�erent random numb er seeds .

64-Node Mesh (Uniform Random Traffic)

Chaos Routing

% load 10 25 40 50 60 70 80 85 90 95 100

mean xpt 10.00 24.98 39.94 49.84 60.12 70.16 80.02 85.36 88.62 90.44 90.86

std xpt 0.00 0.04 0.08 0.05 0.13 0.14 0.21 0.44 1.56 0.61 0.61

mean lat 28.10 33.46 41.21 49.17 61.29 78.87 110.52 142.07 177.97 213.52 226.28

std lat 0.13 0.31 0.27 0.42 0.99 3.04 6.75 6.02 8.77 3.84 4.01

Obliv ious Routing

% load 10 25 40 50 60 70 80 85 90 95 100

mean xpt 10.00 25.00 39.94 49.82 60.08 70.14 79.66 84.02 86.24 86.78 86.20

std xpt 0.00 0.00 0.08 0.07 0.16 0.15 0.36 0.60 1.45 1.60 0.70

mean lat 29.00 34.58 43.08 50.97 64.85 84.53 140.30 228.21 281.70 297.65 324.07

std lat 0.06 0.25 0.36 0.65 1.62 5.03 15.64 18.37 31.15 11.47 12.95

De ection Routing

% load 10 25 40 50 60 70 80 85 90 95 100

mean xpt 10.00 24.74 40.00 49.94 60.26 69.86 76.52 77.14 76.72 77.18 77.20

std xpt 0.00 0.05 0.09 0.15 0.30 0.22 1.09 1.16 0.91 1.28 0.97

mean lat 275.85 282.89 297.98 313.65 344.96 381.67 443.72 459.15 465.28 466.82 465.58

std lat 1.39 0.45 0.72 2.31 3.76 9.40 6.82 4.14 2.55 2.35 0.77

256-Node Mesh (Uniform Random Traffic)

Chaos Routing

% load 10 25 40 50 60 70 80 85 90 95 100

mean xpt 10.00 25.00 39.92 49.90 59.80 69.90 80.00 84.02 86.54 89.12 90.42

std xpt 0.00 0.00 0.04 0.00 0.13 0.06 0.14 0.50 0.42 0.32 0.39

mean lat 35.01 43.51 56.10 68.50 88.11 121.41 204.12 287.84 338.42 392.01 450.16

std lat 0.02 0.12 0.27 0.77 0.59 2.96 11.81 7.41 12.59 15.42 11.87

Obliv ious Routing

% load 10 25 40 50 60 70 80 85 90 95 100

mean xpt 10.00 25.00 39.94 49.90 59.72 69.74 79.96 85.04 88.00 88.62 89.50

std xpt 0.00 0.00 0.05 0.00 0.04 0.21 0.14 0.16 0.66 1.20 0.67

mean lat 36.54 43.92 55.16 66.08 81.98 107.29 158.84 235.17 436.44 537.33 571.43

std lat 0.09 0.10 0.21 0.51 0.72 1.75 4.47 8.50 47.99 18.90 12.16

De ection Routing

% load 10 25 40 50 60 70 80 85 90 95 100

mean xpt 10.00 24.80 40.06 50.02 59.92 69.70 78.16 81.38 81.92 82.22 82.14

std xpt 0.00 0.00 0.05 0.07 0.04 0.14 0.39 0.77 0.70 0.35 0.30

mean lat 489.65 498.55 515.62 533.11 568.28 635.84 745.73 817.43 885.50 906.09 914.57

std lat 1.09 1.66 1.70 2.32 2.15 4.60 10.89 15.70 9.24 5.31 8.85

1024-Node Mesh (Uniform Random Traffic)

Chaos Routing

% load 10 25 40 50 60 70 80 85 90 95 100

mean xpt 10.00 25.00 40.00 49.90 59.93 69.80 79.20 82.73 85.67 87.60 89.27

std xpt 0.00 0.00 0.00 0.00 0.05 0.14 0.08 0.09 0.33 0.16 0.29

mean lat 48.39 62.44 83.58 106.55 143.91 211.04 426.91 593.96 696.56 818.04 920.75

std lat 0.04 0.04 0.21 0.89 1.03 2.25 15.36 0.73 3.27 1.46 16.89

Obliv ious Routing

% load 10 25 40 50 60 70 80 85 90 95 100

mean xpt 10.00 25.00 40.00 49.90 59.90 69.80 79.70 85.00 89.97 92.20 92.17

std xpt 0.00 0.00 0.00 0.00 0.00 0.00 0.22 0.00 0.17 0.37 0.25

mean lat 51.32 61.30 76.29 91.31 113.02 146.76 207.53 271.99 421.14 807.24 1016.45

std lat 0.07 0.04 0.33 0.25 0.71 1.02 2.20 3.57 18.02 11.44 21.61

De ection Routing

% load 10 20 40 50 60 70 80 85 90 95 100

mean xpt 10.00 19.90 40.00 49.98 60.06 69.68 78.32 82.10 83.94 84.48 84.12

std xpt 0.00 0.00 0.00 0.04 0.05 0.07 0.12 0.41 0.29 0.20 0.10

mean lat 915.94 921.98 949.80 975.49 1032.79 1173.05 1381.15 1546.98 1696.88 1769.75 1815.87

std lat 0.85 0.71 1.41 0.85 2.35 7.26 4.49 29.23 23.93 7.43 3.34

1

64-Node Mesh (Hot Spot Traffic)

Chaos Routing

% load 10 25 40 50 60 70 80 85 90 95 100

mean xpt 10.00 24.98 39.90 49.94 60.00 69.94 79.16 80.66 82.32 85.32 83.82

std xpt 0.00 0.04 0.00 0.08 0.21 0.54 2.41 3.53 4.16 4.78 5.89

mean lat 28.24 34.06 42.23 52.41 67.38 95.31 148.70 205.85 238.93 260.89 307.58

std lat 0.20 0.20 0.65 0.88 5.27 15.63 30.15 56.41 56.55 42.80 67.44

Obliv ious Routing

% load 10 25 40 50 60 70 80 85 90 95 100

mean xpt 10.00 24.98 39.94 48.70 57.34 60.44 59.98 62.04 61.92 63.00 61.36

std xpt 0.00 0.04 0.05 2.60 5.98 5.59 7.42 6.63 6.97 6.47 6.85

mean lat 29.04 35.27 46.74 88.24 146.34 256.72 346.68 360.21 388.57 399.17 397.32

std lat 0.17 0.43 3.08 64.80 87.60 56.14 70.48 25.55 39.23 18.99 20.95

256-Node Mesh (Hot Spot Traffic)

Chaos Routing

% load 10 25 40 50 60 70 80 85 90 95 100

mean xpt 10.00 25.00 39.94 49.90 59.72 69.80 79.98 84.06 86.58 88.98 90.32

std xpt 0.00 0.00 0.05 0.00 0.04 0.00 0.12 0.48 0.38 0.54 0.65

mean lat 35.07 43.71 56.29 69.47 88.99 125.68 209.44 280.39 347.62 410.86 462.55

std lat 0.04 0.16 0.44 0.55 2.14 1.95 13.81 5.85 15.35 13.42 11.05

Obliv ious Routing

% load 10 25 40 50 60 70 80 85 90 95 100

mean xpt 10.00 25.00 39.92 49.88 59.74 68.86 72.98 73.36 73.04 72.68 74.18

std xpt 0.00 0.00 0.04 0.04 0.08 2.03 3.06 3.92 3.15 4.19 4.22

mean lat 36.65 44.20 55.89 67.85 86.33 146.17 404.74 475.77 540.07 654.20 679.07

std lat 0.09 0.10 0.32 0.97 1.65 51.82 20.18 31.20 31.55 55.79 34.17

De ection Routing

% load 10 25 40 50 60 70 80 85 90 95 100

mean xpt 10.00 24.80 40.04 50.00 59.90 69.14 75.40 77.06 77.48 78.12 79.54

std xpt 0.00 0.00 0.05 0.09 0.00 0.72 3.22 3.38 5.34 4.40 1.40

mean lat 491.79 501.02 519.76 541.66 580.57 685.81 826.77 870.31 904.49 917.06 914.57

std lat 1.43 1.56 2.54 1.34 10.91 64.37 92.47 63.54 85.82 70.19 18.42

1024-Node Mesh (Hot Spot Traffic)

Chaos Routing

% load 10 25 40 50 60 70 80 85 90 95 100

mean xpt 10.00 25.00 40.00 49.90 59.90 69.70 79.30 82.63 85.17 87.83 88.83

std xpt 0.00 0.00 0.00 0.00 0.00 0.00 0.16 0.19 0.33 0.25 0.34

mean lat 48.46 62.68 83.90 106.97 144.48 212.02 433.12 593.56 701.25 821.30 927.16

std lat 0.07 0.04 0.17 0.65 0.45 3.85 14.46 5.52 5.35 6.58 11.48

Obliv ious Routing

% load 10 25 40 50 60 70 80 85 90 95 100

mean xpt 10.00 25.00 40.00 49.90 59.90 69.80 79.90 84.07 85.17 84.53 85.67

std xpt 0.00 0.00 0.00 0.00 0.00 0.00 0.22 0.86 2.37 1.97 0.78

mean lat 51.31 61.30 76.18 91.44 113.14 148.51 211.49 418.36 661.83 952.56 1031.76

std lat 0.11 0.19 0.31 0.23 0.55 0.61 1.28 95.93 113.84 5.30 8.34

De ection Routing

% load 10 20 40 50 60 70 80 85 90 95 100

mean xpt 10.00 19.90 39.92 50.00 60.06 69.56 78.00 81.62 83.58 84.14 84.08

std xpt 0.00 0.00 0.21 0.00 0.05 0.08 0.30 0.42 0.25 0.28 0.28

mean lat 916.79 922.19 948.61 976.43 1035.11 1179.02 1388.08 1521.52 1672.59 1752.57 1800.90

std lat 1.32 0.88 2.25 1.77 3.78 6.19 3.58 22.72 19.49 11.62 8.46

2

64-Node Torus (Uniform Random Traffic)

Chaos Routing

% load 10 25 40 50 60 70 80 85 91 95 100

mean xpt 10.00 24.92 39.80 49.78 59.70 70.38 79.80 85.28 90.48 92.74 93.30

std xpt 0.00 0.04 0.00 0.15 0.17 0.16 0.30 0.50 1.10 1.29 1.57

mean lat 27.22 33.42 42.34 51.73 64.62 82.74 113.27 133.73 183.85 193.62 217.24

std lat 0.10 0.36 0.60 1.09 1.07 3.69 5.40 3.44 9.65 4.56 8.05

Obliv ious Routing

% load 10 25 40 50 60 70 80 85 91 95 100

mean xpt 10.00 24.96 39.82 50.02 59.68 69.86 68.86 66.48 65.94 67.08 67.28

std xpt 0.00 0.05 0.07 0.07 0.07 0.64 1.09 0.88 1.30 1.41 0.69

mean lat 27.94 34.75 46.18 57.72 77.29 136.69 206.29 212.02 213.10 215.97 224.85

std lat 0.06 0.31 0.64 1.59 3.23 10.57 5.77 3.49 5.61 1.61 6.59

De ection Routing

% load 10 25 40 50 60 70 80 85 91 95 100

mean xpt 9.92 25.04 39.96 49.92 54.72 56.38 55.70 55.78 55.84 55.62 54.96

std xpt 0.04 0.10 0.05 0.19 0.56 1.30 0.58 1.12 0.94 1.29 0.98

mean lat 226.81 239.56 264.54 307.13 354.75 357.24 359.80 359.32 358.15 360.45 361.70

std lat 0.80 1.09 0.83 7.45 5.17 2.20 3.19 0.82 1.09 3.15 3.21

256-Node Torus (Uniform Random Traffic)

Chaos Routing

% load 10 25 40 50 60 70 80 85 90 95 100

mean xpt 10.00 25.00 39.90 49.80 59.84 69.82 79.98 85.24 90.00 95.04 97.28

std xpt 0.00 0.00 0.00 0.00 0.19 0.35 0.16 0.23 0.21 0.10 1.03

mean lat 32.60 41.41 54.49 67.21 86.82 112.63 158.89 190.83 236.16 335.06 452.56

std lat 0.09 0.08 0.49 0.68 1.47 0.57 2.40 4.22 10.76 6.39 12.81

Obliv ious Routing

% load 10 25 40 50 60 70 80 85 90 95 100

mean xpt 10.00 25.00 39.90 49.78 59.74 69.14 62.80 60.12 57.36 58.94 56.82

std xpt 0.00 0.00 0.00 0.04 0.19 0.99 2.68 4.58 2.45 2.84 1.26

mean lat 34.11 43.78 59.69 76.75 103.82 175.07 371.54 353.40 386.08 379.63 350.29

std lat 0.03 0.07 0.56 1.14 2.03 9.58 54.28 25.24 22.03 42.25 31.39

De ection Routing

% load 10 25 40 50 60 70 80 85 90 95 100

mean xpt 9.92 25.02 40.00 49.96 60.12 65.36 65.76 66.24 66.12 66.20 66.16

std xpt 0.04 0.04 0.00 0.05 0.12 0.49 0.59 0.62 0.10 0.48 0.58

mean lat 384.95 397.64 419.45 446.87 499.89 585.66 598.01 600.92 604.44 603.48 603.96

std lat 0.83 0.58 0.59 1.41 4.54 5.22 3.10 1.24 2.60 2.01 2.56

1024-Node Torus (Uniform Random Traffic)

Chaos Routing

% load 10 25 40 50 60 70 80 85 90 95 100

mean xpt 10.00 25.00 39.90 49.90 59.63 69.33 79.90 85.03 89.93 95.20 98.30

std xpt 0.00 0.00 0.00 0.00 0.05 0.05 0.08 0.05 0.12 0.29 0.50

mean lat 43.23 57.36 77.50 97.64 126.13 170.39 245.77 304.39 384.02 526.87 898.34

std lat 0.01 0.10 0.16 0.43 1.27 0.74 0.44 1.37 3.34 13.05 39.15

Obliv ious Routing

% load 10 25 40 50 60 70 80 85 90 95 100

mean xpt 10.00 25.00 39.90 49.80 59.60 69.43 72.73 54.67 54.67 55.40 58.27

std xpt 0.00 0.00 0.00 0.00 0.00 0.33 1.18 3.63 2.25 2.77 5.78

mean lat 45.64 58.80 80.65 104.09 137.68 199.66 441.70 640.12 738.73 788.16 605.01

std lat 0.03 0.15 0.20 0.48 0.92 1.36 9.97 28.51 131.94 146.23 117.55

De ection Routing

% load 10 25 40 50 60 70 80 85 90 95 100

mean xpt 10.00 24.80 40.03 50.00 59.93 69.63 71.67 71.67 71.57 71.90 71.83

std xpt 0.00 0.14 0.05 0.00 0.05 0.12 0.09 0.09 0.05 0.16 0.17

mean lat 704.67 717.80 742.87 772.87 821.82 956.19 1086.06 1097.57 1104.39 1106.64 1110.12

std lat 0.15 1.38 0.50 1.26 0.49 5.61 1.65 1.21 0.67 1.27 0.77

3

64-Node Torus (Hot Spot Traffic)

Chaos Routing (4X delivery rate)

% load 10 25 40 50 60 70 80 85 91 95 100

mean xpt 10.00 24.93 39.97 49.70 59.57 70.00 79.30 83.33 83.60 86.23 86.60

std xpt 0.00 0.05 0.12 0.16 0.25 0.45 1.30 2.09 2.61 3.71 2.13

mean lat 26.78 32.90 41.86 52.04 65.77 87.91 126.36 146.04 172.60 185.32 207.55

std lat 0.05 0.10 0.22 1.20 2.73 4.46 7.55 9.70 12.09 11.23 6.20

Obliv ious Routing (4X delivery rate)

% load 10 25 40 50 60 70 80 85 91 95 100

mean xpt 10.00 24.93 40.00 46.43 46.50 47.40 47.30 47.83 49.40 47.27 50.90

std xpt 0.00 0.05 0.08 3.07 4.81 4.62 5.53 2.01 2.84 1.60 3.21

mean lat 28.10 36.25 52.77 152.88 251.78 280.01 282.25 283.16 270.38 315.90 287.63

std lat 0.04 0.22 1.86 53.41 16.69 27.64 26.12 7.70 27.60 14.48 18.87

256-Node Torus (Hot Spot Traffic)

Chaos Routing

% load 10 25 40 50 60 70 80 85 90 95 100

mean xpt 10.00 25.00 39.90 49.84 59.86 67.88 76.20 79.96 83.16 86.48 87.10

std xpt 0.00 0.00 0.00 0.08 0.20 4.35 7.35 10.13 12.78 14.05 12.96

mean lat 32.70 41.73 55.31 69.05 89.25 159.46 221.82 274.74 337.27 421.60 504.57

std lat 0.10 0.16 0.50 0.97 1.77 84.49 106.18 134.05 146.58 108.28 82.81

Obliv ious Routing

% load 10 25 40 50 60 70 80 85 90 95 100

mean xpt 10.00 25.00 39.90 49.90 57.30 58.14 56.46 57.04 54.94 57.86 57.30

std xpt 0.00 0.00 0.00 0.17 3.08 2.53 0.60 1.42 2.38 2.02 0.86

mean lat 34.19 44.21 61.00 80.25 278.57 383.71 418.91 424.15 501.58 375.87 394.41

std lat 0.06 0.22 0.22 1.22 63.39 39.07 54.33 45.40 60.84 17.15 66.11

De ection Routing

% load 10 25 40 50 60 70 80 85 90 95 100

mean xpt 9.92 25.02 38.42 46.88 50.24 51.64 50.78 51.38 49.88 51.68 51.58

std xpt 0.04 0.04 3.21 5.99 6.63 7.21 6.86 6.25 9.04 7.87 6.19

mean lat 385.55 401.10 571.94 629.85 775.44 755.68 777.72 750.42 821.97 768.35 753.30

std lat 0.63 1.76 273.81 239.34 118.24 100.44 109.44 63.96 189.35 114.82 72.11

1024-Node Torus (Hot Spot Traffic)

Chaos Routing

% load 10 25 40 50 60 70 80 85 90 95 100

mean xpt 10.00 25.00 39.90 49.90 59.67 69.33 79.20 85.10 90.00 95.27 98.33

std xpt 0.00 0.00 0.00 0.00 0.05 0.05 0.36 0.08 0.08 0.21 0.31

mean lat 43.21 57.35 77.55 98.07 127.03 170.21 242.79 304.91 384.79 540.51 900.73

std lat 0.04 0.11 0.29 0.36 0.88 0.44 1.22 1.99 1.30 11.49 29.34

Obliv ious Routing

% load 10 25 40 50 60 70 80 85 90 95 100

mean xpt 10.00 25.00 39.90 49.80 59.60 69.90 57.23 55.37 54.80 52.60 54.67

std xpt 0.00 0.00 0.00 0.00 0.00 0.08 3.93 3.90 2.64 1.77 0.83

mean lat 45.64 58.94 81.03 104.04 140.51 225.90 640.02 670.64 632.84 851.68 696.35

std lat 0.05 0.17 0.30 0.63 1.36 12.71 107.53 114.69 78.92 111.51 117.68

De ection Routing

% load 10 25 40 50 60 70 80 85 90 95 100

mean xpt 10.00 24.80 40.00 49.97 59.90 69.43 71.27 71.13 71.10 71.33 71.33

std xpt 0.00 0.14 0.00 0.09 0.00 0.12 0.05 0.31 0.16 0.12 0.17

mean lat 704.58 717.89 744.63 774.71 826.48 967.66 1087.28 1102.65 1108.72 1112.37 1115.66

std lat 0.70 0.98 0.51 0.62 1.05 9.94 0.77 4.56 2.36 0.65 1.83

4

App endix B: Theoretical Considerations

It is necessary to show that chaotic routers are b oth deadlo ck free and livelo ck free. Deterministic

deadlo ck freedom is straightforw ard for routers that use a message exchange proto col [NS89]. The

case analysis for the two-dimensional case matches the hyp ercub e case [KS90].

Deterministic livelo ck freedom, that every message is delivered after a given p erio d of time,

is not true for chaotic routers. However, probabilistic livelo ck freedom { the probability that a

message remains undelivered after t seconds go es to zero as t increases { is true. The following

sketch of th pro of mirrors the hyp ercub e argument [KS90].

The message’s path through the torus network is describ ed by a sequence of moves. The distance

of a message from its destination is the Manhattan distance, which can b e at most p

N � 1. Clearly ,

for p

N even, every move either increases or decreases the message’s distance to the destination.

The probability of moving closer is the probability of b eing routed p � �, which is established in a

theorem arguing that a message remains in the multiqueue a b ounded amount of time and is thus

sub jected to only a b ounded numb er of random derouting decisions (see [KS90]). The probabilit y

of moving further is q = 1 � p.

Let us de�ne a game as a sequence of p

N moves. Message M starts game i at distance a

i and

�nishes at distance a

i+1

. Let l

i denote the event that M was not delivered during game i and w

i

the event that M was delivered during game i.

Let Q(i) b e the probability that message M has not b een delivered after i games. Then

Q(i) = P (l

i l

i�1

::l

1

) = P (l

i j l

i�1

::l

1

) � P (l

i�1

::l

1

)

F or simplicity

, let us substitute F

k for l

k

:::l

2 l

1

, 1 � k < i and let us de�ne P (l

1 j F

0

) � P (l

1

)

and P (w

1 j F

0

) � P (w

1

). Then

Q(i) = P (l

i j F

i�1

) � P (l

i�1 j F

i�2

) � � � P (l

1

) (1)

Clearly

, P (l

j j F

j �1

) = 1 � P (w

j j F

j �1

), 1 � j � i. In the following we will estimate

P (w

j j F

j �1

). Let S

j;k denote the event that message M starts game j at Manhattan distance k

from its destination. Events S

j;k are mutually exclusive and one of them necessarily happ ens. Thus

P (w

j j F

j �1

) = P (w

j

S

j;1

[ :: [ w

j

S

j;

p

N j F

j �1

) )

P (w

j j F

j �1

) = p

N

X

k =1

P (w

j

S

j;k j F

j �1

) )

P (w

j j F

j �1

) = p

N

X

k =1

P (w

j j S

j;k

F

j �1

) � P (S

j;k j F

j �1

):

But P (w

j j S

j;k

F

j �1

) � � p

N

, thus

P (w

j j F

j �1

) � � p

N p

N

X

k =1

P (S

j;k j F

j �1

):

Since

P p

N

k =1

P (S

j;k j F

j �1

) = 1 )

P (w

j j F

j �1

) � � p

N

)

1

P (l

j j F

j �1

) � 1 � � p

N

(2)

Finally

, (1); (2) ) Q(i) � (1 � � p

N

) i

:

Thus the probability Q(i) that M will not have b een delivered after i games, where i ! 1 is:

lim

i!1

Q(i) = (1 � � p

N

) i

= 0

The probability P (i) that M will b e delivered after i games, where i ! 1 is:

lim

i!1

P (i) = 1:

The essential feature of the pro of is the condition that p � �. Since this condition holds for

meshes on the edges (for the av ailable edges), the theorem has the mesh top ology as a corollary .

References

[KS90] Smaragda Konstantinidou and Lawrence Snyder. The chaos router: A practical application

of randomization in network routing. In Pr o c e e dings of the 2nd Symp osium on Par al lel

Algorithms and Ar chite ctur es, pages 21{30. ACM, 1990.

[NS89] J. Y. Ngai and C. L. Seitz. A framework for adaptive routing in multicomputer networks. In

Pr o c e e dings of the Symp osium of Par al lel Algorithms and Ar chite ctur es, pages 1{9. ACM,

1989.

2