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Stream processing applications for online analytics are in-­
creasingly used in dornains ranging fron1 sensor data JJro­
cessing to sociaJ networking. To achieve high-throughput, 
streaJn processing engines support pi.peljned execubon 1 ]o\v­
overhea,d fault-tolerance, and efficient. group communication 
overla,ys. 'rbe throughput of pjpelined app]i.ca,tjon-1vorkflovvs 
is signjficantJy impacted by dynamic systern state. Tn par­
ticular, we sbow that a single bou.leneck in the pipeline 
( congested link or au overloaded operator) can drastically 
impact. the system throughput. In this pa.per, we present a 
number of techniques for a"ddressing bottlenecks in streaxn 
engines. ()ur techniques fall into t \VO rnajor classes 
network-aware routing for fine grained control of streams; 
and dynamic overlay generation for optimizing performance 
of group co111_r11unicati.c;n operations. 1To enable fa.st vlork­
flow re-opt.imizat.ion, we present a light.-weight protocol for 
comistent modification of pipelines. \;Ve present deta.iled 
algorithm,;, their implementation in a real system, and ad­
dre,;s issue,; of fault tolerance and performance. \Ve eva.luat.e 
t.he performance of the proposed t.echnique,; in the context 
of three real applications. \Ve "how tl:mt our techniques 
in1prove perforr:nance by 20<;% to 200~/c, under various (Jver­
beads, relative to a baseline representative of current irople­
mentations. \,Ve demonstrate tbat our techniques am robust 
to bjgb ly dynan1jc sta,tt\ a,s Vle11 as con1plex congestion pat­
terns. (ji_ven tbe 1,;videspread use of strearning systerns and 

t.be need for- dealing with dynamic syst.em stat.e, our tech­
niques represent a significant and practical improvernen1. 

1. INTRODUCTION 
Stream processing engines (SE) sucl1 as Borealis [1], 

Sarnza l27], and Storm [25j are commonly used to proce,;s 
cont.inuous streams of data originating From dist.ributed ,;en­
sors~ user-·activity logs~ and database transactions. Strearn 
proces,;ing applications include online learning of complex 
ma.chine learning models over streaming data [7, G, 13j. A 
diverse "et of applications have been succes"fully developed, 
including click-stream analysis [2Gj, tracking malicious aDti v­
ity (spam classification, intrusion detection), real-time anal­
ysjs of n1icro-b1ogs and_ tvleets r 19]) and ad-cl]ck raining [9] 

Stream engines code tbe application \VC;rkfio-.v as a d_i­
rected acycHc graph (I)r\(j) of operators~ referred to as a, 

topology. Tuples axe prncessed in a. pipelined fad1 ion as 
t.hey traverne through the topology. To achieve exactly­
once prnce,;sing of all tuple,; and to a.void buffer--overflow,; 
in the pipeline, stream engines adopt coarse-grained fault­
tolernx1ce and flow-control mechani"ms. In this "etting, even 
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a. single slow pipeline-stage affects the thrnughput of the en-­
tire pipeline, To sustain high pipeline-throughput over long 
execution periods, it b necessaxy to dyrrnmically detect and 
dia,gnose any pipeline-bottlenecks. 

I-G111_erg]ng onljne-leaxnjng applications na,ve con1pJex 

topologies a,nd often use structured_ overlays fc;r group­
communication operations. [n an online learning applica­
tion, lea.rner operntors process their r-espect.ive partitions of 
t.he input strea.rn Ca.lso called an example stream), and up­
date their individual models. Concurrently, learners also 
synchronize their models periodically using group commu­
nication primitives -- typically an all-reduce [3j. 'vVhen com­
r~ared to traditional strea1ning vvorkloads, online learning 
V\Torkloads have the fc;] lcHvi.ng djstinct chara.ctedstjcs: (n 
models may be large (tens to bundreds of megabytes), which 
leads to large st.ate 1:rnn,;fors between opernton;; (ii) com­
plex, pipelined group communication (all--reduce) t.opologies 
are needed to synchrnn ize potentially lar-ge st.ate among all 
learners. Dynamic orcbestra.tion of complex topologies to 
maintain bigh throughput in the pre,;ence of bot.Uenecks re­
quires novel techniques. 

VVith the emergence of cloud-computing solutions, streaxn 
engines are often deployed on cloud-based virtual machines. 
Instead of stand-alone deployments, they co-exist alongside 
other compute and storage systems, such as MapH.educe for 
batch-processing and key-value st.ores for dat.a. The orches-· 
t,ration of cluster resources arnong t,bese systerns is band]ed 
by a global cluster scheduler such a.s ]V[esos [1 lj. In such de-­
ploy tnents~ strean1 engines experience netv,1ork heterogeneity 
due to several factors. 

Co-hosted VA1: Two virtual machines ( VMJ hosted on the 
same physical machine interfere in their network usage. The 
bandwidth observed by one V:VJ depends on tbe traffic flow­
ing into/ frorn the ot.ber V M. 

C(c•-hostcd Fram,e1.vork: (;luster n1anagers such as l\r1esos 
may allot compute slots to two different frnrneworks -- batch­
prncessi ng framework sucb a,; M ap[-leduce, and a ,;tr-earn-· 
proces,;ing fran1e\</ork - on t.he same physical machine or 
V]VL Tbis leads to network interference a.ud un--even band-­
,vidth availability to the different frameworks. 

C!o-hosted, Topologyi Even if only a strear:n processing sys­
tem occupies all "lots on the entire physical machine, multi­
ple stream-topologies nrny be scheduled on tbese slots lead­
ing to network interference. 

Furt.bermme, as si;;,; are deployed for long time period,;, 
\Vorkload va,daJ,ions axe cornrnonly observed actjv]ty of 
energy·-rrteasur]ng sensors exhibits terr1poral \rariatjon ), ]ead·-
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Figure 1: Flow control and fault tolerance mecbanism m 
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ing to temporal skew in CPU utilization. Thus, for efficient. 
stream processing, stream engines n1ust effectively d]agnc;se 
any pipeline bottlenecks induced by bet.erngeniety in com­
pute and network resources. 

Schedulers built for tradit.ional SEs [17, 3lj do not ef­
fectively handle new challenge,; posed by deployment and 
urn.ge requirements. First, schedulers take a stat.ic topology 
as input. However, for cornplex group cornrnunication oper­
atic.ms such as all-reduce, the most efficient overlav structure 
depends on the network and compute resources a:Uocated to 
the learner-operators. For this reason, current schedulers 
axe unable to optimize complex communication structures, 
since they assume tbat. the best t.opology is known a-priori. 

Til detect. and diagnose temporn.lly var-ying pipeline·· 
bott.lenecks, SEs need a feedback-driven control loop. Fur­
thermore, the diagnosis phase, which involves changing the 
topology routes, should cause le,tst disruption to the tuple­
throughput of the stream engine. Resilient substitution [24] 
has been proposed recently as a general technique to scale 
or re-assign topology operatc;rs. T'h]s ]s a,n expensive over­
atic;n, since it i.nvc;lves n1ultjple steps: stopping the stre.aJn, 
spawning new opernton;, copying the necessary state from 
old opera,tor, refreshing neti.vork connectjons, and re-staxtinP-: 
t.be st.ream. However, frequent invocation of such hie"h over~ 
head metbods to react to dynamic bottlenecks is infuasible. 

To allievate t.bese problems, we propm;e VAYU, a per­
topology controller, which uses novel methods and proto~,,ols 
for dynaxnic, network-aware routing and on-the-fly topology 
rnodifi~ations, \\le 1:ely on three ncYvel techniques to achieve 
netvvor_K-a¥Ta,re rout1ng: representjng topology link struc­
ture us]ng ro1.1.tc-rn,aps; (i.j) consjstent hashing for fine­
grnined key-space marni.gement. and rnut.ing of tuples: feed-· 
back infonnat.ion about. resour-ce bottlenecks is t.ranslated to 
key·-space mapping; and liii) a ligbt-·weight, fault-tolerant 
protocol for atomic rout.e-map update. By applying novel 
heuri,;tics on the topology performance (feedback) metrics, 
the controller determines efficient route-rrmps, which encode 
tuple-routing infr.n-rHation and also the topology link struc­
ture. These new rou.te-maps are atornical ly injected into 
111_ultip1e operators, on-the-fly, us]ng a light-\veigbt, fault­
tolerant prntocol, for fast topology re-optimization. 

\Ne implement om algorithms and prntocols in Storm [251. 
In tbe context of t.hree real applica.tions, we demcmst.~at.'e 
t.bat VAYU a.chieves significant performance improvements, 
20%, to 200%, depending on the bottleneck. F'un.bermore, we 
show that our improvements are robust to highly dynamic 
net\vork state, as v,,rell as cor:nplex c(:ngestion patterns. 

2. MOTIVATION AND OVERVIEW 

2 

Attorney Docket No. 14097P 

\Ve start by describing a low--overbead met.bod for flow­
control and fault.-toleram:e employed by Storm. \Ve then 
discuss how pipeline-bottleneck" can severely affect through­
!(':it, particularly _with the mechanisms employed by Storm. 
1° mally, we mention the shortcomings of traditional sched­
ulers in solving this problem. \Ve use these arguroents to 
mot.ivate our proposed solution. 

2.l Fl(?W Control and Fault Tolerance Mech~ 
amsm in Storm 

In Storn1, a, topology js a graph \vhose nodes are operators 
(spouts and bolts) and edges are virtual connections among 
opernt.ors. For simplicity, assume t.bat. every t.opolm'y bas 
a source operator ( also called a spout,). I-i'igur~e 1 ,_,shows 
an example topology. Tuple1; enter tbe topology through 
t.be spout. For every tuple \t"UPs) that enters t.be topology, 
Storm keeps track of all t.be t.uples t.bat are emitted bv bolt,; 
as an after-effect of observing hrp8 • The emitted tuiles axe 
called descendents of t11p 8 • \Vhen a bolt receives ttiJ)s and 
en1jts h.Ppd~ jt ackno\vledges by sendjng ack tuples, c;ne each 
for hips and t11pd, to a system mana2:ed Ackert.bread, The 
Acker thread calculates the XOR of ail identifiers (extracted 
from o.ck t.uples) tha.t it receives. ff the topoloRY is~; dir~ct.ed 
acyclic graph (DAG), a tuple's descendent.s form a. bounded 
t.ree. In such cases, the Acker tbread receive,; tbe identifier of 
every t.uple t.wice, and XOR of all these tuple identifiers will 
result in a zero. Upon observing a. zero, the Acker t.hread 
marks the source tuple tup, as successfully processed, and a 
new source tuple is allowed to enter the topology, leading to 
end-to-end flow cont,oL If the Acker thread does not receive 
a,ckncHv1edgenu~nts for a.H descendents \vjth]n a user-defined_ 
t.breshold time interval, then it forces the source t.uple (t"Up, 1 
to re-enter the topology, leading t.o re-processirw of tl;e e;,'. 
t.ire descendent t.ree. This method guarnntees ;~t.least••Once 
processing of all tuples. 

Building upon the basic technique, more ,;t.ringent guar­
antees such as exactly-once processing of tuples can be 
achieved [25j. To this end, tuples are split into batche" with 
monotonically increa"ing identifiers, Once the Acker thread 
receives acknowledgements for all descendent,; created by tu­
ples in a, batch, it forces the operators to commit the state 
creat.ed by that bat.cb. Du ring commit, the 1;tate is tagged 
with the identifier oft.be last obser-ved ba.tch. \Vhen a. bat.cb 
is replayed, owing to a fault in tbe syst.em, tbe committed 
bat.cb•-identifiers are used to ensure that state is not updated 
twice by tuples of the replayed·-ba.tch. More details about 
the mechanism can be found in [25], 

2,1,1 Drmvbacks of the flow-control mechanism 
The fault-tolerance mecbani,;m described above bas low 

overhead~ since it needs constant suace uer descendent, treP 
(one variable for XORing all tuple-•identifiers in a bat.cb), i~: 
respective of the number of tuple" in the tree. However, the 
flo;,•/ control aspect of the rnethod_ is highly sensitive to rate 
of a.ck emission by different operators processing tuples in 
the batch. Consider the topology shown in figure 1. Assume 
that the link between operators[.;; and F has low bandwidt.b, 
This leads to low ra.te of t.uple movement. in S-I<>-F path of 
the pipeline. Consequent.ly, the rate of ack: emission bv F is 
low. Tbe Acker· thread emit,; new batcbes into the ,;;stern 
only after reception of acks from olcl·-ba.tche,;. Furthe;more 

' a constax1t number of batches trmrer"e the topology at any 
time. This method of matching sending-rate to the ack-rnte 
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l:' 1gure 2: Effect of choking a single random node. Bax1d­
width choked to 400 Mb/s at 300 sec rnmk, a.nd to 200 
J\1Jb/s a,t 850 sec~ a,nd_ con1pletely unchoked at ]400 sec mark 

is called ack-clocking in computer networks [14]. Due to 
tbe lo\v rate of ack en1jssion by F~ ack-cloc,king ensures tha,t 
tuples trn.verne S--E--F path with tbe rate dictat.ed by the 
slowest segment (low-bandwidth link). This rn.te--ma.tching 
avoids queue overflo,;vs and packet drops. I-Io\vever~ since the 
Acker thread applies ack--clocking to entire hat.cbes, over­
all hatch--emission rat.e decreases. Consequent.ly, through-­
put of other pipeline-paths (S-C-D), with potentially high­
capacity, also decreases. This leads to low-utilization of 
resources, and low system throughput. Similar through­
put d_ecrease can be observed due to excessive processing 
delays at an overloaded operator ( operator B in figure 1). 
Not.e tbat. tbis phenomenon occurn even if the bat.cb con­
tains only one tuple, but. is replicated and forwa.rded onto 
different topology--pa.ths. Figure 2 dwws t.he t.hroughput 
decrease observed in a. tweet hashfog counting application, 
when the receiver bandwidth of a randomly chosen node 
is dyna1nically varied, In the topology: (Jne set of opera­
tors read tweets from exterrml files and pas"e" them to an­
other set of counter-operators. AH operators are placed on 
Hi nodes, ensuring load-ba.lance. Tbe topology throughput 
drops by more than .50% when bandwidth is reduced from 
940 l\/[b/s (gigabit network) to 400 Mb/s_ .Also observe that 
t.be original tbrnugbput. is restored when t.be link bandwid t.b 
is re,;t.ored. Thi,; demonstrates how one cboked link can 
carn;e throughput decrease in the entire t.opology, due to the 
coarse-·grai ned ack- clocking rnecl1ar1isrn. 

]\;faintaining high throughput in the presence of conser­
vative flo\i\r-control rnechanisrns requires dyna1nic, neti.Nork-
3,\Vare re-routing of data to baJance 1oa,d and increase re­
source (compute and net.work) utilization. 

2.2 Overview of Proposed Systein 
In tbis paper, we propose ligbt--weight metbods for 

netv.fork--Gt\i\/are routing, ,vhich is a cornbination of cornpute/ 
net work load--balancing, along with efficient topology re-­
optimizatiorL Every opera.tor chooses the destination op­
erator for its outgoing tuple" ba.sed on rmde-maps. Route­
ma.ps contain information on the type and proportion of 
traffic for ea,ch destjnaJ,jon operator. ~['he per-topc;Jogy con­
troller periodically collects metrics from the system. Based 
on the observed bottlenecks, the controller corn pute1; new 
route-maps that minimize the maximum net.v:ork and CPU 
utilizat.ion (Section Tbe controller also det.ermines route­
maps tha.t tune complex all--red uction t.opologies (Sect.ion ,l). 
The re"ultant route-maps are in"talled in a consistent man­
ner on a running cluster~ using a light-v,,reight o,i;_1rn,ic rotde-

3 
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11.pdo.te prot.ocol (Section The key insight in the solution 
is t.o allow adaptive tuple routing at the ,;ender operators, by 
sending them feedback information about CPU and network 
condition" of downstream nodes. 

3. DYNAMIC NET\VORK A'\VARE 
STREAM ROUTlNG 

In a strea.rn--topology, tuples are communicated among op-­
erat(ffS running on co1npute nodes. \!\le refer to grottpin,q as 
the pattern of tuple-routing by a "et of sender" (up"tream 
operators) to a set of recei'lrers ( dovvnstreaxn operators). ../_q_ 

topology is expressed as a, serjes of groupings bet\veen op­
erators. rrbe follovvjng axe t1vo n1ost con1n1on groupjngs ob­
ser-ved in topologie1;: (i) shu.[jle grn11.;uing: upstream oper-­
at.ors r-out.e ea.ch tuple t.o a. random dovmstrearn opera.tor; 
and (ii) j1elds grouping: all tuples with t.he same values for 
a given set of tuple--fields - also called a key - are routed to 
t.be same downstream operator. Fields-grouping i,; used for 
aggregation or reduction of tuples with the same key. 

3.1 Factors Affecting Grouping Throughput 
Several fa.ctorn affect the grnu ping throughput, measured 

as the tuple processing rate of downstream operators_ 
Nelwork bandwidth skew: The available network band-­

width at. downstream operat.orn may be skewed. If the 
stream is network bound, the queueing delay at the op­
erator with lesser bandwidth would significantly affect the 
grouping-t.brougbput. 

J-Jer-key t'uplc-count ske1.v: [n fi,elds grouping) there ma,y 
be a skew in the number of tuples per key some keys 
n!ay be beavy-hjtters. I-i'or exa,n!ple, in a sensor·-processjug 
applica.t.ion, some sensor-s could be more act.ive than othen;. 
Consequently, even if keys are randomly bashed with a. good 
badi function, the dmvnstream operator receiving t.be t.uples 
bearing the heavy-hitter key becomes a bottleneck. 

Current systems, "uch as Storm, use modulo-based hash­
ing to realize fields grouping. A tuple with key k is sent 
to tbe opera,tor \i\rjt,_h index vvbere i h,ash(k) S,{, rri,) 

where hash denotes the basb function and m is t.be nurn­
ber of downst.ream opernton;. If the number of distinct keys 
is large, t.bis metbod leads to good load-ba.lancing among 
dovlnstrearn operators. T-Io,;vever, in the context ofrnany real 
applicatiom;, t.be method suffern from several drawbacks: 

Inability lo accorrirriodai;e do,wnstrearn sA:e1.v: i\t; discut;sed, 
net,work band,-w,idth skew and p,:--.r-lzey ttiple-ccrunt ske'W affect 
the grouping-throughput. These criteria need to be incorpo­
rated in the routing strategy of upstream operators for effi­
cient load-balancing an1ong d(nvnstrea,n1 opera.tors. ~/Iodulo­
based ba.shing methods do not allow this flexibility. 

Darge overhead 'While scaling: c:;onsider the process of 
adding a new downst.ream operat.or. Vv'ith modulo ba1;ed 
bashing, many key,; ,.vould be re-mapped t.o different down­
strearn operators. If dutvnstrearn operators contain state, 
key-remapping entails higb--overbead sta.te movement be­
tv,1een operators. 

Lack of specificity: It is not pos"ible to assign a particular 
beavy-bjtter key to a, specjfic opera,tor Vlitb more resources. 

3.2 Consistent Hashing 
Tb avoid the drawbacks of modulo--ba,;ed hashing, we use 

a variant of consistent l:rn.shing [16]. Consistent ha.shing was 
first used in distributed hash table lDHT) implementations 
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t.o accornrnodat.e frequent node additiom; and removals in 
peer--t.o-peer sy,;t.ems. In our case, we use consistent. hash-­
ing primarily to encode the fine-grained information about 
chax1ging network-capacitie" and workload imbalance among 
dcHvnstrea,:::11 operators. 

[n consistent hashing~ keys axe hashed into a rangt\ say, 
----ill t.o ill --- 1, using a basb function. The range is di­
vfr1ed ]nto p contjguous paxtj t,i.ons, termed as buckets. i\s­
surning there axe rri do\vnstrearn operators, ]n]tiaHy, each 
do\vnt;trearn operator is assigned p/rn buckets~ chosen ran·­
doml v without replacement. Tbis random as,;ignment lead,; 
to lo~d-baJance among downstream operators if the bucket 
count is large and if all downstream operators have equal 
CPU and network capacitie". 

3.3 Fim~ngrained resource assignment 
Random assignment. of buckets to operat.ors is not suffi-­

cient to account for fine-·grained net?.vorA: bandwidl.h skev_,1 and 
per-key luple-counl skew, in fields-grouping. To thi,; end, the 
controller periodically collects the following statistic for all 
buckets in all operators: yxr-bucket per-batch ici;plc-count, 
equal to count of tuples received by the bucket in the last 
batch. it also collects the following system metrics: i) CPU 
capacitjes c;f nc;des (n1easured as n1jH]ons of ]nstructjons per 
second (mips)); ii) network bandwidths (in a.nd out) of a.ll 
node--pairs; and iii) system t.hrougbput,. The cont,rnller- uses 
t,bese metrics t,o innea1;e t.he pipeline t,brougbput, by appro­
priately as,;igning tbe buckets to operators, wbicb are hosted 
on physical node,;. 

Since it is difficult to model the throughput of a complex 
pipeline, state-of-the-art schedulers 3jm to load-balance the 
nodes while decreasing the amount of network traffic [1?, 
311 In the same spirit, our controller first balances com­
pu.te requireroents of all pipeline sta.ges by proportionately 
increasing t.he cpu--weight, (sbar-e of t,otaJ corn pute-capaci t,y) 
of cpu-constrained st.ages. Later, it a1;signs buckets t,o oper-­
at.ors 1;0 as to minimize tbe maximum CPU and network uti-­
lization. For ,;implicit,y, assume every node has a replica of 
all different opern.tor--types. In this ,;ett.ing, a, bucket, can be 
assigned to its operator-replica on axiy node. The resource 
assignrnent prol-1le1n~ forrnulated aB an integer prograrnrning 
JJrot~lern, is -an extensicin of the one used by the (___:QLJ-\_ [1'7] 
scheduler. 

3.3.1 Resource assignment problem formulation 
For both shuflle and fields grouping, eacb key--,;pace par­

tition forms a bucket. Let B denote the set of all bucket.s. 
If I; E B is a, bucket, DCb) denotes the computation--rnte 
( mips) used to process chta. received by b. Let JV denote 
the set of nodes, Fcff a node 11 E 1V, derK:tes the corn­
puting ca.pa.city of the node. For a.ny assignment of 
buckets to nodes, we set the decision varia.ble Xb,,, to 1 if 
bucket b js a,ssjgned to an operator-repHca. on nod_e n, oth­
erwi1;e it is set to 0. Let S'(n) denote tbe sum of compute­
rnte1; of all buckei:f; a1;signed to TL ln terms of the deci1;ion 
variables, 5J(n) = )'.~~- 0 :i:t,n -t JJ(b). For buckets b1~b2 E B, 
let F(bt, denote the rnte of data--flow between the t.wo 
buckets in the stream-topology. Using the decision varia.ble, 
for nodes u. v E JV, the rate of data flowing from ti to v, can 
be defined as F( ti~ L1) === I:· 61 J)2 r:B xo1,,u * Xb'l, t' * Lr;i( 61: b2). Let 
R(v,v) denote the actual ba.ndwidth between the two nodes. 
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Controller assigns bucket.s t.o nodes (specified by variables 
based on the solution of the following integer program: 

n-,imrmze 

subject to 

cu 
_........-.A......-...._ 

VJc1t * Tna.x .'3(n)/C:(n) 
n 

+ ?.Dn,u * rnax F'(,u, 
1l

1
'1_) 

u) (1 \ 
'J 

The objective of the problem is to minimize a weighted 
function of two quant.ities: i) CU: maxi mum obser-ved CPU 
uti lizat.ion; and ii) NU: maximum obser-ved network utiliza­
tion. Tbe controller aJso bas anot,ber competing goal of re-­
ducing t.be total inter-node trat1ic (2-:u,vEc N Flu, Similar 
t,o COLA [17j, we use a cornbina.t.ion of a grnph part.itioner 
and load-balancing heuri,;t,ics to obtain a feasible ,;olution. 
For large problem sizes (bucket--count is large), graph par­
titioners are cornputationally expensive, In such cases~ ,,ve 
in1plen1ent a recently prciposed re-strearn.'l'ng alqoritlvrn fcff 
nrnlti-constrn.int grnph partitioning [221, wbicb is shown to 
be competitive witb offiine-graph partitioners while using 
limited resources. 

The following axe key differences of our formulation v:ith 
r-espect, to the COLA scheduler: i) modelling traffic as data, 
received fine--grained key-space bucket.s im;t.ead of coarse-­
grained operators. This allows fi.ne-grnined mapping of 
buckets to nodes, leading to balanced--load even in the pres-­
ence of per-key tuple count skew; ii) ba.lancing utilization of 
all network links is added to the objective function. This 
js important i.n envjronn1ents \i\rhere net\i\rork ca,pa,ci.ty can 
bave si.gnjfica,nt va.dati.ons. 

3.3. 2 /iccuracy of network bandividth estimates 
Mea.suring available network ba.ndwidth behveen nodes 

i.n a cluster aJready running a strea,n1-processjng engine ]s 
a, chaHengjng problen1 for tvlo reasons: j) the daJa-sent 
by measuring tools, such as TPerf [21], int,er-fores with t.he 
stream--trnffic, thereby r-et.urning noisy bandwidth e1;timates; 
ii) due to t.he int,er-forence From measurement,-trafEic, t.he 
stream throughput drops during the measurement--period. 
To avoid tbese overheads, t.be controller mainly uses band­
width estima.tes inferred from the rate of tuple-acks emitted 
by different node" in the past time-windows. It uses measur­
ing tools for metrics are in-sufficient. Also note tbat the as­
signment problem only requires relative bandwidths, instead 
of a.ccurate values. To avoid frequent bucket re-assignment, 
controller invokes the ccmt.rol loop only when hysteresis-­
applied 1;ystem throughput of tuple-ingestion by t.he 
spout; in the recent time windows drops by a threshold per-­
centage (default: when compared to the long term a,v­
erage. Furthermore, the controller first check,; for CPU load 
imbalance. Once the controller di"cards the per-key tuple­
count skevv aB the reason for throughr~ut-decrease~ it checks 
for the network bandwidth skew. These policies decrease 
tbe usage-frequency of nc;jsy ba,nd1vjdth estjniates, a,nd aJso 
helps in setting appropriate weights in the multi-constraint 
load--ba.lancing heuristics. 

The out.put oft.he r-esour-ce assignment prnblem is a map-­
ping of buckets to operat,orn, referred to as roule-maps. 
lT,;ing these route--map,;, in modified drnJHe--grouping, up-­
strearn opera.tors choose a randmn downstrearn bucket, n1-

stead of a downstrearn operator, ,vhen routing tuples. 
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~ 

(a) Complete digraph (c) Broadcast Tree 

Figure 3: Sample reduction and brmtdcast trees generated 
by VIWD heuristic 

4. TOPOLOGY REmOPTIMIZATION FOR 
INTERMEDIATE DAT4 ROUTING 

4.1 Need for group communication operations 
(Jroup cc;n1n1unica.tjons operations, as exen1p]ified by a,n 

all--reduce opera.tion, are used by many distributed online 
learning applicat.iorn; [3, 10]. Tbese operations typically rely 
on structured sta.tic ovedays For orcbestraJ,ing data, rnove-­
rnent. In this section, V/e propose an algorithrrt for deter·­
mining spanning tree overlays for pipelined all--red uce oper-­
ations, which explicitly accounts for dynamic network-state, 

In an online learning applic,ttion, operators th,tt train the 
n1ode1 us]ng trajnjng-exan1ples are tern1ed learners, Fc;r ac­
curate n1ode1 trajnjng, the n1odel (jn our case of a, stochastic 
gradient descent 1 aJso ca] led a 1veight is pedodi.ca,Hy 
synchronized arnong leaxners, usfr1g an aU--red uce operation. 
Statjc bi.nary trees are arnong the most cornrnonly used over-­
lay,; in systems l3, 10] for pipelined all-reduce group comrrm­
nication. Eacb learner di vi des its weight vector into slices. 
E;ach slice traverses up the tree during reduction and down 
the tree during broadcaf;t. The tree structure is effective 
for pipelining slices of a large model or for sending com­
plete 111_odels jn qujc_k s1K·.cessic;n, a,s the net\vork links ]n a 
tree allow un-congested traffic flow. 1-Iowever, the through­
put of a pipelined tree is hea,vily inHuenced by t,be slow­
est link. In streaming syst,ems, since model syncbroniza-­
t,ion traffic flov:s alongside the regular example t,raffic (in­
put tuples used to train models), the available bandwidth 
on different links may vary significantly. In this scenario. 
the tree overlay must be dynamicaJly optimized to suita"bly 
use links with higher avajla"ble bandwidth. Furthermore, in 
a tree, different nodes (learner") emit their model and re­
ceive tbe reduced model at different times. In this scenario, 
tree over1ays n1ust ensure tha,t lo\v-bandvlidth ljnks do not 
significantly impact model synchronizat,ion times for all of 
t,be nodes. Vvith t,hese high-level goals, we first define a few 
terms and formally ,;tate the problem. 'vVe tben describe our 
metbod for dynamic computation of efficient overlay,;. 

4.2 Problem formulation 
Let () be a, con1plete directed_ grapb~ 1vbere nodes de­

note machines hosting learner operators and edges represent 
potentia,l overlay links. Tbe directed edge-weight between 
nodes s and d js TlTs,ci, wh]ch is t,be t]nH~ taken to transm]t 
a byte of data frorn s to d (inverse of hnk bandi.vi.dth). I-i'ig-­
ure 3 shmv,; a ,;ample reduction tree a.nd a sample broadcast 
tree generated from the same grapb. 

Let t,. denote the start-time for model synchroniza-
tion at node i. This is the time when node i a"tternpt" to 

5 
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reduce its first model-slice ,.vith tbe corresponding model­
slices received from its children. Node i subsequently send,; 
the reduced model-slice to its parent in reduction tree. Let 
teli) denote the end-time for model synchronization at node 
,,. ~['his js the tin1e vvben node i recejves the la,st reduced_ 
model-slice from its parent in brcmdcast tree. Let t,,, 5 ( i) de­
note the model ,;ynchronization time For node i, defined as 
le (i) --- ls 

1---,'roblern ~5laleTnent: (;enerate 
pipelined all--reduce that mmnmze,; 
chroniza.tion time. over all nodes. 

nnrnrn1ze 

a spanning tree for 
the a,verage model syn-

In message passing (tvlPl) system", overlays are chosen to 
rnini1nize the rnaxiinurn cornpletion ti1ne of a group corn­
nrnnication operation. In contrast, we frJcus on optimizing 
the a,verage ccnnpletjon tin1e. 'rbjs is beca,use~ in strean1-
ing systems, group cornrnun]cation opera,tjons do not, foUo,v 
barriers; t,bey are triggered periodically irrespective of the 
completion of tbe previorn; operations. Furthennore, in on­
line lea.ming applicatiom;, average completion time is also 
an indirect measure of model mixing-rate. 

\Ve extend the Min Vl/eighted Degree Tree (i\,fWD) heuris­
tic [5] to generate both pipelined broadca"t and pipelined 
reduction trees. 

4.3 Pipelined allmreduce overlay generation 
To compute a broadca,;t ,;panning t,ree topology, l\.JW"D 

(Algorithm 1) works a.s follows: Initially tbe spanning tree 
contains only the mot node. In ea.cb iteration, the algorithm 
adds the lea"t weighted out-edge (intuitively, the fastest out­
link), "ay '-'}, to the spanning tree. The edge-weights of 
all other outgoing-edges from node u tbat are not a.lready 
in the spanning tree, are incremented by tbe time node 11. 

spends in broB.dcasting to tbe previously chosen children. 
Tbis t,ime is equal to sum of edge--weights to current chil­

dren (Lv'e::cttild·r-en(u) (l1V T'be algorithrn continues to 
select edges until all nodes are included in the ,;panning u-ee. 
VVhen selecting edges. nodes in tbe spanning tree tbat have 
less than a preset threshold k edges are given preference. 
This parameter can be tuned to generate trees with differ­
ent branching fact(ffS, 

1Tb generate spannjng tree for all-reduce, \i\re use the J\1j \1\7 D 
heuristic (A lgoritbrn 1) to first find a reduction tree, staxting 
froro a given root Since it is a reduction tree, edges corn­
j ng into the spannfr1g tree (in-edges) axe considered when 
choosing t,be rnin--edge. After the reduction spanning tree 
is generated. it,; edges a.re removed from the grapb. The 
algorithm is now nrn on the residual graph to generate a, 
broadcast tree \vjth the sarne root node ·-rhe average 
syncluoniza"tion path length, over all nodes, is calculated 
using the generated reduction and broadcast trees. The al­
gorithm repeats the above steps, each tirne with a different 
node as the root of spanning tree. The final cbosen root 
node is the one with the least average synchronization path 
length, and the final reduction and broadcast t,rees are t,he 
ones generated by the chosen root, node. Inside each node, 
one learner opera.tori,; chosen as leader and all other learners 
a.re connected to it. The leader reduces the model slices gen-­
erated by node-local learners before sending them to other 
nodes. It also performs node-local broadcast. 
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Using fiboua.cci heaps for edge--,;et implementation, the 
a.lgorithrn takes OUEI + !Vi log !El) to generate reduction 
and broadca"t trees for ,t chosen root, where E is the set of 
edges and V b the set of nodes. The algorithm is invoked 
I\/! tjn1es) one for each chosen root node. 

Algorithm M WD has a number of desirable properties. 
Tbe greedy heuristic builds pipelined spanning trees ·with 
lov: weight,ed out--degree (sum of out,--edge weigbtf;) of any 
node in t,he brnadca,;t tree; correspondingly low v:eighted 
in-degree of any node in reduction tree. This strategy min­
imizes the choking effect, of any one sta.ge in the pipeline. 

Before generating the broadcast tree, the algorithm re­
rnoves the edges used for red_uction tree, T'his elirninates 
the _possibility of a single link being used for both reduction 
and broadcast. The final chosen root is one tha.t reduces the 
a,vera.ge n1odel synchroni.zaJjon tinu~ of a.11 nod_es. Intu]tjvely\ 
t,be heurist,ic pusbes the conge,;ted links closer to tbe leaves 
than the root, because a congested link close t,o the root will 
lie in the synchronization path of a, la.rge number of nodes, 
thereby increasing their synchronization time. In Figure 3 
node 5 has low in-bandwidth. Therefore, the heuristic places 
it among leave", avoiding its choked bandwidth from ,tffect­
ing the entire pipeline. Furthern1ore, if node fi ,Nas n1ade 
tbe root, it would receive the model-traffic from two chil­
dren. This extra traffic further decreases tbe bandwidth for 
tbe concurrent training-example traffic, thereby increasing 
the cboking--effoct of that node. 

A linear t,r-ee, generated by setting k to 1, has better 
pipeline bandwidth than binary tree Or set to 2 ). Asrnrniug 
n nodes in total, in linear tree, n - 1 nodes a.re involved in 
reduction. Even if one of the,;e nodes has less iu--bandwidtb, 
it choke" the entire _pipeline. Furthermore, for small-sized 
rnodels~ or ;,-vhen the change in 1n(1del since last sy nchro­
nization is small, linear tree perfrJrms poorly as it takes time 
proportional to On t be other hand, bina.ry trees b ave 
comparntively less pipeline bandwid t,h, but, offer two bene­
fits: i) since only int,ernal nodes ar-e involved in reduc­
tions, i ll--effects oF cboked nodes ( upto can be localized 
by placing them among the leaves; ii) binary trees perform 
well even for small models due to OOog height. There-­
fore, VAYU chooses binary trees by default, Ternary tree (k 
i" 3) can be used when there b con"iderable skew in node 
capacities~ since only nodes form interrnd nodes, 

5. ON THE FLY TOPOLOGY MODIFICAm 
TlON 

In previous sections, we described method,; for dynami-­
cally changing key--space assignn1ent and overlay topologie:;. 
Another novelty in VAYU lies in the method for updating 
routing infcffrnation at OJJerators to reflect the changes JJro­
posed }_:y the controller. 

5.1 ~oute Maps as Topology Route Spedfka~ 
tmn 

[~ach operaJor majntajns a ro1._de-1n0,p tha,t specjfies the 
routes on which out.put messages should be sent after pro­
cessing ]ncorni.ng rnessages. [-?or instance, t,o specify an aH-­
reduce topology, each route-map entry would be of tbe form: 
receive-from : [1, 2, :ij, send-to: [4, 5, 6] . This irnplie,;, the 
operator should wait for input message reception from oper-­
at(ffS ,Nith ids: 1, 2 and 3~ before sending the output rnessage 
to operators \vith ids: 4~ 5 and 6, l\ sarnple route-rnap entry 

6 
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Algorithm 1 Min 'Weighted Degree Tree 

J: procedure lvlIN-\VE:rGHTED-DEGRE:E:-

E) T, b, TreeType) 
2, +-- 0 
.'3: Tree\/ ertices .:--

S: 

Hl· 

for· each r: -=-=- ('u, 
cost( ui 'U) +­

end for 

EB do 

·i,vhHe Tre.e.\/r-::.rt'ice..s f V do 
if Br·oa.rlcastTree then 

+-- { 1..l E Treel7 ertices 
ReadytTerUce.s +- {11 E: Readyi/er·tices 

< b} 

11: 

Dl:3TANCE-f'ROfvl-ROOT( u) is the~ l•~ast} 

l1nk('u) v) +- {11 E: Rea.rlyi/erticesi'U (/ Treev'-erticesi 

12. 

j4.-

15· 

16· 

l T: 

18: 

19: 

20: 

21 

22· 

23: 

co;:,t( u, ls th~~ least] 
T1·eel/ ertices ,(-- Tree Vertie.cs 

end for 
end ;f 
if Tree.Type=-= Re.rlv,ction'Tre.e. then 

ReadyVertic.es .;-- {u ~= Tree-\/ertices I l,::h,ildren(u)i < b} 
Ready\lertices +-- {tl E E-ieaduVertice:-.;i 

DrnTANCE-F'EOIVt-RooT(~u) is the least} 

lin,k(u, L') +- {'c E Readyil-erUce.s,11 f!. T·reei/-erUce.c;I 
cost( 1..l: v) is the 11-::ast} 

'Tr-eeV ertices +-- Tree Vertices u { u} 
TreeE'dge;:, TreeE'dge;:, :_: v)} 
for each do 

25: cost(~tL', 

'26: end for-
., 7 end if 
2s end while 
2D· return TreeBdges 
30· end procedure 

to speci.{y .fields or shvffie grouping 1vould be: sena-ro: [10, 
344] : [1], [.5677, 34345]: [2]. It denotes the assignment of 
key-space paxt]tjons to downstrearr1 operators. 

5.2 Atomicity Requiren1ents 
TrJ change a running topology on-the-fly, route-maps of all 

involved operators must be updated in an ,ttomic manner -
i.e., all nodes must switch to tbe new route-maps at the same 
tjn1e. For exa,n1ple) jf upstrean1 operaJors route tuples based 
on different, rmd:e-·maps, two tuples wit,b same keys may not 
reacb t,he same dovmstrearn operat,ors, thereby violating the 
semant,ic,; of fields--grnuping. Similady, overlay modification 
need,; to he a.tornic. If only a. suh--,;et of the nodes have 
received new route-maps a.ud the other nodes a.re using the 
old route-map", then the resultant topology may not satisfy 
reduction semantics. 

TrJ this end, we propose a light-weight protocol for mod­
j(yi.ng topology route-maps in a,n a.ton1jc n1anner. \1Ve focus 
on updating the route-maps vvith ]east possjb]e interruption 
to the existing stream traffic. 

5.3 System Constraints 
i-'cs described in section 2.1, Storm uses '" global acknowl­

edgement mechax1ism to deal ,vith both network-error and 
operator-failures during tuple traversal. 

5.3.1 Fail Fast Operators 
Opera.tors in a Storm topology a.re fail-fast. That is, un­

like databa,;e nodes tha.t log all their actions into a write-­
ahea,d-log, storm operator" do not log all input tuples and 
their corresponding outputs. Only designated operators 
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p 
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j ® Processor Ci) Spout reads tuples ~ 
\ (Operator} from external storage ~ 

l.§ ... ~fk'..~~~.~~ .. §>. ... ~~.~'.'.~.11~'. ........... .J 
Figure -1: .,\tomic route-map update protocol 

containing state can checkpoint their locaJ "tate a"t batch­
bciundaries" 'T'his design helps in quick re-spa,".rning of a 
failed opera.tor on another node without the overhead of pro­
cessing any undo or redo logs. [n ca,se of operator fo,ilure, the 
global foult-•tolernnce mechanism ensures re--delivery oF un-· 
processed tuples. I'hi.s fail- fast des]gu, unfortunately, does 
not permit the use of traditional atomic commit prot,ocols 
such as 2-phase or 3-phase commit protocols, which rely on 
local write--ahead-·log,; for participant recovery. 

5.4 Atomic Route Map Update Protocol 
\Ve propose a, sjx-step protocc;] to assure a,ton1i.c route-Tnap 

update. As sbo-.vn jn Figure 4~ for every topology, tbere ex­
jst t-.vc; cc;n1ponents: a. cordroller (part of the sched_u_ler) a,nd_ 
a s;uont; both t.bese components have corresponding kafka, 
queues, which for-m their message sources. The spout bas 
t.be following functionalit.y: (i) it truncates tbe stream into 
batches and demarcates them by appending slaTl--lmtch and 
e.nd-batch_, tuples to the strearn at batch-bciundaries; and (ii) 
it ernits tick-tuple.s to trigger tir:ne-based ;,-vindov,,red reduc­
tions, Truncating the stream into batches permits the use 
of global fault-tolerance roecbanisrns. Note tbat sta.rt-bcdch 
,md end-ba.tch tuples traverse the entire topology DAG start­
ing from the spout. Tick-tuples a.re used to periodically trig­
ger a11--reduce ( or •NfrHl(nved aggregation operations) on all 
opera,tors. 

To update rnute-ma.ps, the controller creates new route-· 
maps for each involved opera.tor, ta.gs the new ma,ps wit.b 
a versicin nun1ber (\i\rhich increases rnonotonically)~ and ex­
ecute" the following six-step protocol. 

1) C~ontroner first stores t be ne1v route-maps in its _lc;cal 
sta,te 1 durably stored in zookeeper. Later, jt sends the nevv 
route-n1a,ps n1essa,ge, tagged by a, version-id, to tbe spout 
(S), by placing it in the latter's kaflrn queue. 

2) Spout reads the new route-·maps from its kafka queue, 
appends an i-rt.slall-roui;es cornrnand to tbe rr1essage, and 
sends it to all the involved operators piggybacking on 
the next slarl·-bo.tch, tuple. The spout ,,vaits for acknmvl-· 
edgement" from involved operator"; this happens through 
Stonn's Acker interface. On reception of route-rnap", op­
erators do not jn1n1ediately s\i\rjtch to the ne-.v route-n1aps; 
tbey simply append it to their list of route-maps. 

~-S) i\Jter recejvjng ackno\vledgen1ents fron1- an open,.,tors 1 

t.be spout sends a rov.tes-·iris/,alled confinnation message to 
the cont,roller by placing it, in t,he lat,ter's kafka queue. 

4; On reception of the roules•-installed messa,ge, the con­
troller durably ,;t.ores the new t.opology-route·-maps in it,; 
local-state. As the controller is part of the scheduler, this 
local-state is stored in zookeeper. The controller now sends 

"7 
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a acti,uate-·ne,w-rotdes rne:;sage to the spout by placing it in 
the latter's kafka. queue. 

5) On receiving the acti-vate-nt:'W-'f'ftutes 1nessage~ the 
spout fir"t appends the received message onto the next stctrt­
botcJi tuple. ~['he controller then 1vaits fc;r the successful 
commit of all currently executing ba.tches before sending the 
piggybacked 1;tart--ho.tch tuple. Since all operators 1;t.art us­
ing the nei.v rout,e--n!aps for the sarne bat,cb, semantics of 
grnuping and reduction among operntors i1; consist.ent. 

6) Once the spout receives all acknowledgements for the 
sto:rt-•balch tuple containing activate-·'ne,w-routes tnessage, i! 
sends an act,i'uated-n,e,w-ro,utes rnessage to the contn_,ller: by 
placing it in the latter's kafka queue" VVhen the controller 
receives the 1nessage~ it rnarks the successful cornpletion of 
tbe protocol. 

5.5 Correctness of the Protocol 
\Ve prove the correctness of the protocol by showing that 

jt does not v]ola,te the f0Ho1ving safety prc;perties. 
No d11.;ulicate state changes: Two operat.on; must not. up­

date t,he stat.e for the 1;ame key-space bucket. in a batcb. 
Our protocol enrnres t.bis property since every batch adopts 
a. single route--map version, and all operators operating on a 
bat.ch follow tbe same route-·map. 

Access to complete state: Once an operator as"untes own­
ership of a key-space bucket, it must l:mve access to all the 
state previously generated for that bucket. This property 
enables (nvner c;peraJor to process an queries jnvolving keys 
in its assigned bucket. The protocol satisfies this property 
as new routes axe act,ivated only after ensur-ing t,hat aH pre-· 
vious batches have commit.t,ed. Therefore, t.be new owner of 
the bucket can fetch any needed ,;t.ate from t.be persistent 
store ,vhile ansv,1ering queries. 

C!onsistent group corn:rn,urricntion: For red_uction axnong 
opern"tors, the spout ensures that all the emitted tick-tuples 
fall into the same batch. This ensures that aJl operators 
fono1v the saxne route-maps for reductjon. 

5.6 Protocol Fault Tolerance 
T'hjs section descrj bes tbe mechanisn1s used_ by tbe proto­

col to handle tuple and operator failures at various steps. 

5.6.1 Route Installation Phase 
The route installation phase is marked complete only af­

ter the cont.rnller read the ins/,alled-ro11.tes message from the 
spout and subsequently stor-ed aH t,he versioned r-out.e-maps 
in zookeeper. If installation fails before this point, controller 
t.imes-out and retries the installation pba.se. The controller 
ensures t.bat. tbe protocol does not move to tbe o.cfruate-· 
ne1J_1-routes phase until the previous r-uute-insiallation pl-rnse 
successfully completes. This ordering ensures that all oper­
ators axe a,\vare c;f the nevv routes before a,ny of tben1 starts 
to send n1essages a.long ne-.v routes. 

Three types of faults are possible: spout failure, opera.tor 
failure, m tuple loss due t,o net,v:ork failure. H 1;pout. fa.ils, 
then controller times--out and retries t.be phase. In t.be even1 
of operator failure or tuple loss, the ,;pout times•-out in re­
ceiving the acknowledgements, and re--tries t.be installation 
phase by piggybacking on the nex1 sla"i'l-·bntch tuple. 

5.6.2 Route Activation Phase 
Since route-activation is piggybacked on sta.rt-bcitch tu­

ples: any operat(ff failure rnax1ifests as a regular topology 
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failure. The system reacts to operator failure in t\vo ways: 
(i) the controller re--spawns the operator with all t.he lat-­
est route-maps information. Since controller is in route­
aci'ivation.-pliase it is guaranteed that all other live operators 
have the latest route-maps; and (ii) if the spout emitting the 
stream tuples tiroes-out, it re-emits tbe batch tuples. Since, 
every staTrf--bai:ch tuple cardes the ru1.de-'fnap version nun!-­
ber that the operators are required t.o follow, each operator 
will follow t.he correct, route--map during next aggregation/ 
reduction. 

5.6.3 Controller Failure 
The controller log,; its topology modification re-

lated actions in zookeeper. This is done to make it fail-­
fa.st. Thus, re--spawning the failed controller is a suffi­
cient f,wlt-tolerance mechax1ism for the protocol to progref;s. 
The re-spawned controller will work-off the state "tored in 
zookeeper. Furthermore, it reads tbe pending message from 
its kaflm queue. For tbis reason, it can never miss a,ny 
messages. Since communication between the spout a.nd the 
controller ahvays takes place t.hrough durable lrnfka queues, 
message loss in that communication channel is not possible. 

5.6.4 Need for I\vo Phases 
The first, pbase (route .. map installat.ion) is used to ensure 

two conditiom;: (i) all involved operators have sufficient re-· 
sources (n1ernory capacity, connections to ne\\1, scale(l-out 
opera.Lorn, to exdmnge buckets as dictated by ne\</ 
route-maps: and (ii) all operators have the new route-maps, 
Once these two conditions are "atisfied, the second phase 
(route a,ctivatic;n phase) ca,n aton1jca1Jy svvitch to ne1v routes 
without any system-level interruptions. 

6. EXPERIMENlAL EVALUATJON 
In this section, we present a comprehensive evaluation of 

tbe two techniques presented in this paper -- dyna.rnic rnuting 
for dealing with overloaded network-links/cpu; and adaptive 
overlays for grnup communicat.ion. The goal is t.o demon­
strate t.be effectiveness and robustness of the proposed ted, .. 
niques. \Ve conduct all experiments on a 3(l-node cluster. 
Each node ha,; a 2.il GHz quad-core Xeon prncessor with 
8GB of RAM, connected via gigahit ethernet links. 

6.1 Static versus Dynmnic topologies 

6.1.1 Applications 
Tb compare t.he performance of static and dynamic 

( network-•a,ware routing) topologies, ,ve implemented three 
repre,;entat.ive streaming applications from different do-· 
rnains: (i) hashtag counting (ffl t\veets; (ii) a 1nalicious url 
detection algorithm [20], representative of axi online learning 
a,ppHcabon; a,nd (jji) stream a,naJytics cn1 sensor n1ea,sure­
ments from D m3S 20J 4 grand cha.llenge [ J 5], 

In basbing counting application, tweets are emitted to 
rnndom count,er-opernton; wbicb maintain a count of unique 
ha.sht.ags observed in t.v:eets. The application ma.inly uses 
shuffle-grouping. In the maliciow; url detection application, 
the learner operators train a linear model using incoming 
("lmfHed) spam urls from multiple sources: tweet", e1rmils, 
blacklist", etc. For training, each learner runs regularized 
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Figure 5: E;tlect of choking a, single random node. Band­
width choked to 400 Mb/s at 300 sec mark, and to 200 
Mh/s at 850 sec mark, and completely unchoked at 1400 sec 
mark 

logistic regression implemented in vowpal .. wabbit l29] us­
ing stocbat;tic gradient, det;cent (SGD). Learners synchro­
nize their models (weight. vectors) through all-reduce oper-· 
ations rn;ing a, spanning tree overlay imposed on tbe learn­
ers [10]. In literature, other online learning applications have 
reported weight vectors for 20 million features [28]. Tb study 
tbe performance of reduction pipelines on weight vectorn of 
varyjng sizes, \i\re introduce appropriate random features into 
tbe data.set, This a.pplication mainly uses shuffle-grouping 
and all-reduce overlays. 

The sensor analyt.ics application l l.S] addresses analysis of 
energy consurrtption rneat;urernents frorn sensors deployed 
in a ,;mart grid. The load prediction query forecasts the 
energy dernand of a s1YHlrt plug in the near future based on 
rneasurernents sent by its sensor in a past tirne-;,-vindov,,r" A.n­
other query detects mttliers among the smart plugs based on 
their past usage. [-3c;th queries use fields-groupjng fc;r tin1e­
windowed processing of n1ea.suren1ents from a particular sen­
sor. T\vo jssues rnanifest, in a strearn--engjne tha1 processes 
rneasurernents fron! a Jarge number of sensors. I'he rate 
oF emit.t,ed measurements acrrn;s different sensors is prone 
t.o ,;ke,.v: temporal skew occurn when sensors in one conti­
nent do not emit observations ( during night-•time) wbile sen-, 
sors in other continents are active; spatial skevv occurs \i\rhen 

sorne sensors ernit frequent r:neasurer:nents due to heavy us­
a,ge. [-i

7 ine-grajned tra,c_kjng of bucket (key-space) load ]s key 
to ba.ndle throughput loss due to skew. 

6.1.2 12]fect of Link Congestion on Static and Dy­
nmnic Topologies 

Tb test tbe effect of dynamic network-a.ware rout.ing, we 
randomly cboose certain nodes hosting counter-operators (in 
l:mshtag counting a.pp) and decrea"e their in-bandwidth us­
ing trofflc cuntrol (TC":) and inter:;nediate funct,ional block 
(IF B) tools in linux. The controller detects the choked re­
ceiver vja the n1etr]cs interfa,ce, Subsequentl}'\ tbe controller 
creates new-route maps and installs them in the topology. 

6. l.3 impact of Dynamic congestion 
In this set of experiments, we investigate the response 

beha,vior of the controller when one link--state is dynami-• 
cally varied, I-Iere, a randcffn learner is chosen and_ its 1n­
bax1d width choked according to the following pa"ttern: at 
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I-i'igure 6: Effect of choking rnu]tjp]e nodes (corr1plex con-­
gestion). At. 300 1;ec maxk, band widths a.re sarn pled from 
Normal(mean=700Mb/s, sd=200Mb/s). At 800 sec mark, 
bandwidths follow Normal(mean=400Mb/s, sd=300Mb/s). 
At 14?50 sec mark, aJl node" are unchoked 

the 300 sec rnmk, the in-bandwidth is choked to 400 Mb/s: 
at 8.50 sec mark, it is choked to 200 :VIb/s: at 1400 sec mark, 
it is unchoked to its full gigabit, bandwidth. Figure 5 shows 
the throughput--per-node ( volurne of input ti.veets processed 
per node) as a funct.ion of time, for the hashto.g counting 
application. Results for the other t\vo applicat.ions showed 
a similar pattern. 

For sta.tic overlaj1"', once choking sets in, throughput drops 
significantly lalmost 60%, for 400 Mb/s and 80% for 200 
Mb/s), even though only a single link is choked, ln the ca.se 
of dynamic overlays, once the controller detects throughput 
loss and new route-maps are incorporated into the topology, 
we observe a 1;ubstantiil.l increase in overall throughput. AF-­
t,er- 400 l\Jb/s choke, throughput returns to 9,5 MB/s from 45 
MB/,, corr-esponding roughly to 200% increase in t.hrough-­
put. For 200 Mh/s choke, performance increases by almost 
:300':lc wben choked link utilizat.ion is reduced. Our experi-­
rnents dernonstrate that netvvork-avvare rciuting can be used 
to recover a substantial part of this lost performance. Note 
the downwaxd spikes (intermittent loss of throughput), in 
the dynaxnic case. They coincide with the times when the 
controller triggers either network bandwidth measurements 
or nei.v route·-TT!ap instaUaJ,ion, after observj ng changes j n 

system throughput. Act.ivation of nev: r-out.e-ma.p requires 
flushing of current hatches to a,void semantic incom;isten­
cie,;. The loss in throughput for a brief time window lead,; 
t.o more accurate loa.d--bala.ncing and com;eq uent increase in 
throughput over the long-term. Futhermore, due to hystere­
sis in measurements, the controller take" a while to react to 
loss in system throughput. The reaction tirne of the con­
troller can be tuned by adjusting the hysteresis parn.roeters. 

Tt is important to note tbat while performance improve­
ment from dynamic, network-aware routing are subst.antial, 
it could not, corn plet.ely regain tbe lrn;t throughput. This is 
due to t.wo reasons: i) the measure of ava.ila.hle-bandwidth 
at learners is not very-accurate: and ii) the stream--trafTic re­
rnoved frmn the choked nodes is now processed by the other 
nocles, along ;,-vith their ov,,rn traffic, thereby increasing the 
total t-'latch-processing delay. 

6.1.4 lmpact of Complex Congestion Patterns in Link 
State 
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Figur-e 7: Impac1 oF opera.tor load skew. Initially all 1;ensors 
ernit as sarne rate (,S tup]es/s). At :360 sec mark, sensor ernis·­
sion rates follow Normal(mean=5 tuple,;/s, sd=5 tuple,;/s) 

To realize complex congestion patterns typically observed 
in cloud_ set,tjngs -.vhen the systen1 runs for long tjn1e perj­
ods~ 1ve choke nodes based on san1pljng a, distribution. I-i'jg­
ure 6 shows the performance of sta.t.ic and dynamic topolo­
gies under multi-node complex congest.ion patt.ern. At :300 
sec mark, in--bandwidths are 1;ampled from a. norm.al dist.ri­
bution (mean=700Mb/s, sd=200Mb/s). At 800 sec mark, 
bandwidths follow normal distribution (mean=400Mb/s, 
sd cc300Mb/s), A.t 1'150 sec mark, all node" are unchoked. 
As is evident from the results, when the standard-deviation 
i" large (300Mb/sJ, the improvement in throughput is la.rge 
(more than .50%). Tbis arises due to tbe need for a.ccurnte 
load-ha.lancing between slow and fast links. \Vhen standard 
deviation is small, t.he difference between in-band.widths is 
no!, sign]ficant. C~onseqtJent]y, the need for dyna,rnic load·­

ba.lancing diminishes and the performance gairn; are com-­
rnensurately lo\ver. 

6.1,5 Impact of skew in per-key tuple count 
Tb t.est tbe impact of CPU load imbalance created by 

per--key tuple count, we use the sensor--analytics application, 
which relies on fields-grouping for analyzing the pattern of 
individual sensor 1neasuren1ents CYVer a tir:ne-,Nindovv·, \\le 
create ske\v among sensc;rs by sampling their n1easuren1ent 
emission rates from a normal distribution. 

[-?igure 7 shcHvs the throughput increase due to fine­
grained balancing of tllple--skew by the controller. At the 
250 sec rnaxk, tbe rate of sensor-rneasurernent ernission ]s 

sampled from a normal distribut,ion(mean=5 tuples/s, sd=5 
t.uples/s). The small number of node,; basting tbe sensors 
with bigh rate of emission, process more <la.ta, adding ex-­
tra dela.y to the ba.tch-pipeline, The controller detects the 
reduced throughput and triggers load-bala.ncing of the fine­
grained key-space buckets, leadjng to sensor re-assignment. 
Throughput improves by more than 20% after bucket reas­
signment. 

The above rernlts show the benefit of fine-gra.ined tracking 
of per--sensor act]v]ty via key--space bucket rnonit,oring. (\)n-­
sistent hashing enables line--grained key--space partitioning, 
wbicb is needed to track, diagnm;e a.nd rectify ske,.ved ,;ensor 
activity. Selective bucket re-assignment leads to selective­
sensor allocation to nodes. 
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6.2 Performance of Dvnamic Overlays on 
Group Communications 

In typical learning applications, learners periodically com­
munica.te to synchronize their models. In the following set of 
experirnents, we cornpare the average rnodel syncronization 
ti.mes c;bserved in spa,nn]ng tree overla,ys obtained_ tbrougb 
t1vo techniques: a randon1, static bjnaxy tree (baseHne) a,nd_ 
tbe proposed M\VD a.pprna.cb. [n each case, we qrnmtify the 
i rnpa.ct, oF link congest.ion on performance. 

62.1 Petj'ormance improvement 
V(eighted-Degree (M\VD) 
Viirying lHodel Sizes 

jimn 
Approach 

Aiin­
for 

Figure 8 shows the impact of choking link bandwidth on 
average model ,;ync times for different weight vector sizes. 
In thi,; experiment, the in--bandw id th of a randomly selected 
node is choked to 100 Mbit/sec. Learner tasks, hosted on 
20 nodes, are involved in the a.ll-reduce operation. Our ex­
periments demonstrn.te that the proposed M\VD approach 
outperforms the random binary tree by a significa.nt margin 
(more than two-fold speedup), frlr different model sizes. To 
furt.ber underst,and this result, we plot the model sync times 
obserled by various leaxners in Fjgure 9. Tn case of [VI\1VI), 
only the latency of tbe single cboked node is affected. This 
is because the heuristic places the choked node among the 
leaves of the spanning tree. On the other hand, a random 
birmry tree, in its worst case, can place the choked learner in 
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the interior of the tree thereby choking a significant portion 
of tbe pipeline. [n this way, M\VD achieves significantly 
better average synchronization times. 

6.2.2 impact of ilaiying Link Bandwidth 
Figure 10 shows the average model sync times observed for 

a :32 MB model on 20 learner nodes, with different levels of 
in-bandv,idth choking. lt can be seen that as the choking in­
creases, the improvement from our J\-1\'VD approach increases 
a.s well (more than 15% improvement even for 400Mbit/s). 
This is due to the fact that :VJ\ND successfully localizes the 
lower bandwid t,h links to the lower levels of the tree. 

6.2.3 impact of Complex Link Bandwidth Patterns 
Figure ll, quantifies the effect of multiple choked links. 

Tbe links are choked to the same magnitude of 200 Mb/s. 
The weight vector size in these experiments is 64MB. In­
crease in the number of choked links lead" to increase in per­
fomance benefits of our M\VD approach (more than 30%,), 
¥Then cc;n1pared to the average-case bjnaxy tree. T'his ca,n 
be explained as follows: as mm1ber of choked links increase, 
t.bere a.re more chances oF a random binary tree placing one 
oF the choked nodes in the interior of the t.ree and ther-eby 
allowing the choked node to impact, the overall pipeline 
throughput. However, not.e that the performance of the 
,vornt case binary tree, where all choked nodes are pla.ced 
in the interior of the tree, does not vary "ubstantially. This 
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is because, our implementation divides the model into small 
paxts and send" the part" as separate 1riessa.ges in a pipeline. 
Furthermore, the rate of the pipeline depends entirely on the 
slowest Jin k, irrespective of the number of sucb slow links. 
I-Iowever, if the rood el-size is small, the all-reduce implemen­
t.ation t.rnnsrnits the model as a single message, without any 
pipelining. Tn such cases, a. rnndom binaxy t.ree could place 
t.be choked nodes in different levels of the tree, leading to 
a.n accumulation of delays. In contra.st, M'vVD places all the 
cboked--nodes among tbe tree-leaves, ensuring that delays 
due to choked nodes are overlapped. 

Figure 12 quantifies the average model sync time when 
nodes' in-b,mdwidths are sampled from two normal distri­
butions: (i) mean is 500Mb/s and standard deviation is 
200Mb/s; a.nd (ii) mean is 700Mb/s and standard deviation 
is 300Mb/s. As evident from our results, when the standa.rd 
deviation is high, link-bandwidths are di1;persed, leading to 
increased scope for imprnv ing t.be topology. The difference 
in average sync tirne is rnore than l3~f} betv/een the best and 
worst overlays for the ca"e of large standard deviation. 

7. DISCUSSION 
U1;ing large number of buckets leads to fine-grnined trnck­

ing of key-·space activity. Ho\vever, it also increases overhead 
of metrics collection. Thus, we plan to extend VAYU wit.b 
methods for dynamic merging of contiguous buckets when 
they exhibit similar activity, and methods for splitting buck­
ets ,vhen finer-grained tracking is needed. 

Current implementation of VAYU does not support dy­
namic pbysica,l resource scaHng through nod_e ad_ditions. 
However, t.he two phase nature of r-out.e-rnap update pm-· 
t.ocol, provides dea.r interfaces for 1;uch ext.ensions. Tn par-­
ticular, the route--inst.allation phase (first.-pha1;e) can be used 
t.o c,;t.ablish connections with new node,;. Due to tbe strict 
ordering between phases, bot.-swapping of mute-maps in 
second-phase i" guaranteed to rna.intain correct operation 
sernantics. 

8. RELATED \/VORK 
Strearn processing systerns were initial]y designed to pro­

cess continuous database queries on incorning event strearnt; 
under lovv latency. 'T'hese events could be generated by 
sensor networks in industrial process control, stock quote", 
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weather monitoring services, etc. Early stream proces,;ing 
systems include Aurorn [21, Borealis [1] and System S [30] 
frorn lBiv1. Recently, several open-sciurce strea1n JJrocessing 
systems ha.ve been developed. Examples include S4 [26] by 
Yahoo 1, Storm [2.5] by Twitter, and Samza [27] by Linkedin. 
These systems bave been designed specifically for a.na.lyz­
i ng clickstream dat.a generat.ed by logging online user ac­
tivity on ,vebsites. c:urrent genera,tion strea,n!--eng]nes [)cus 
on enabling bigh-throughput stream processing along 1,;vith 
ne,v features such as: guaranteed rnessage procet;sing~ fault-­
tolerant. operator state management, and efficient. scale--ou( 
rnechanisrns. Recently: se-veral research efforts ha;/e investi­
gated efficient mechani"ms for fault-tolerant state manage­
ment and operator scale-out [18, 8]. In contrast, we focus 
on heuristics and protocols for fast topology re-optimization, 
to mainta.in higb stream-throughput at all times. 

The TirneStrearn [24] system uses a t.echnique called re­
silient substih!.ion to 1;ca.le-out arbitrnry t.opologies. Tb sea.le 
a particular operator, the technique finds tbe smallest di­
rected a.cyclic graph (DAG) containing the operator, and 
stops the inflow of tuple,; into this DAG. The DAG is tben 
scaled-out by adding more nodes, and the fiow is restarted. 
By providing generic mechanism" for sea.le-out, these tech­
niques incur higb overhead. In contrast, we propose light-
1veight prc;toco]s for ]oad-baJa.ncjng a,nd_ route-mc;djfications 
usjng globaJ ackjng franu~1vork. 

\Vorkflow re-opt.imiza.t.ion has been proposed for ba.t.ch­
processing--systerr1s sucb as [VIapr{educe f4]. T'heir focus ]s 
on improving the job workt1ow based on sta.fo;t.ics collected 
from previous job executiom;. Examples of work flow changes 
include: pushing filters upstream, changing the algorithms 
used for joins based on da.ta-sizes, etc. ln constrast, we 
focus on optimizing group communication topologic" and 
fine-grained assignment of operators to resources. 

Proposed schedulers for stream-engines, such as 
COLA [1T], SODA [31], do not constGer opt.imizing 
con!plex group cornrnunication topologies. Furthennore, 
their resoure--assignrnent framei.vork is coarse-grained, ,vhere 
an entire opcrator--rcplica. is considered for assignment. In 
contrast~ by leveraging our ro1 .. de--1naps representation of the 
topology, we separately optimize the group-communication 
operaticins irrespective elf the original strea1n-topology. 
Furthermore, by using consistent-hashing for tuple-routing, 
we propose methods for fine-grn.incd key-spa.ce (bucket) 
a,ssjgnn1ent. 

Improving support for complex analytics applicatiom in 
da,tabases is an emerging fleld. ]\1Tany nei.v sys tern designs 
bave been rccent.ly proposed [23, 12j. In constrnst, we focus 
on imprnv ing on line analytics in the streaming model. 

9. CONCLUDING REMARKS 
Dyna.mic compute and net.work overheads can ,;ignifi-­

ca.ntly impact the performance of streaming system". In this 
pa.per, we present efficient techniques for dynamic topol­
ogy re-optimization, through the use of a foed back-driven 
cc;ntrol lc;op, \Ve present a novel technique for net,vc;rk­
a.ware tuple routing using consistent ba.shing. that improves 
st.ream flov: throughput in the piu;ence of a number- of nm­
time overheads. 'vVe also present method1; for dynamic opti­
mization of overlay topologies for group communicat.ion op­
era.tiom;. To enable fa,;t. topology re-optimization with leas( 
system-dbruption, we present a light-weight, fault-tolerant 
protocol. All of the proposed techniques are implemented 
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m a real system and comprehensively validated on three 
real applicatiom;. \Ve demom;t.rate significant improvement 
in perfr,rrmmce to 200'10), while dealing with various 
compute and network bottlenecks, VVe show that our per­
formance jn1provements are robust to dynamic changes~ as 
¥TeH as complex congestion patterns. (Jjven the importance 
of strearr1 processjng sys terns and the u bjquity of dynarnic 
net\vork state in cloud environrnents, our results represent, a, 
significant. and practica.l improvement. 
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