






. . . . . . . . . . . .











2









H2RDF+

Qe

Qe

Qe



Qe

Qe

Qe

Qe

Qr

Qr

2







2 2

2

















KWWSV���ZZZ�Z��RUJ�5')�







2

2

2





2



KWWS���ZZZ�VIORZ�RUJ�
KWWS���ZZZ�FLVFR�FRP�F�HQ�XV�SURGXFWV�LRV�Q[�RV�VRIWZDUH�LRV�QHWIORZ�LQGH[�KWPO





2 2

2

2

2

2

2





2

2



×
+

2

2

2

KWWSV���KEDVH�DSDFKH�RUJ�



MapReduce & 
NoSQL Cluster

NoSQL Index

MapReduce
Bulk Import

H2RDF

Jena Parser

RDF data

Join Planner

Join Executor

Query 
Graph

Create and 
execute

MapReduce
Or Centralized

execution

Cl
ie

nt
s

SPARQL
queries

Query
output

H2RDF+

2

+







ID =

{
locID ∗R+ redID, locID < min

offset[redID] + locID −min, locID >= min

ID :

locID :

min :

redID :

offset[] :

offset

offset numKeys[redID] −
min

min offset
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100× 30× 100K = 300M

900M

100 + 100 × 30 + 100 × 100K =



2



Q

MJcost(Q) =
∑

i∈Q
ReadKeys(Q, i)/thr

ReadKeys(Q, i) = {(
j∈Q

nj) · oi · SeekOverhead, nioi}

ith

ith

ith



Q I

SMJcost(Q, I) = (2
∑

i∈I
nioi +

∑

i∈Q
ReadKeys(Q ∪ I, i))/thr

2

V ← {v1, v1, . . . , vn}
TQ ← {tq1, tq1, . . . , tqm}

v v
V ̸= empty
← empty

vjoin ← minvi∈V {Greedy(vi, TQ(vi))}
.addJoin(vjoin, TQ(vjoin))

V.remove(vjoin)
TQ.remove(TQ(vjoin))

.executionType() =
executeMapReduce( )

Jstruct.executionType() =
executeCentralized( )

V

TQ

V

V



Greedy(v, TQ)

(Q, I)← splitPatterns(TQ)
I ̸= empty

cost← (Q, I)

cost← (Q)

← cost/ (patitions,mappers) +
cost <

.addExecutionType(Cent)
cost

.addExecutionType( )

2
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Gq = (Vq, Eq) Gj = (Vj , Ej)
St = ⟨s, L(s)⟩

Sk Gsj = (Vsj , Esj)
Sk ← ∅ St← ∅

tp ∈ Eq

tp.getJoinV ariables() > 1
Sk ← Sk ∪ tp

St← St.add(tp.getJoinV ariableStarId(), tp)

Vsj ← Sk ∪ St.keySet()
Esj ← ∅

(ps, pd) ∈ Ej

ps ∈ St ∨ pd ∈ St
Esj ← Esj ∪ replaceTpIdwithStarId(ps, pd)

Esj ← Esj ∪ (ps, pd)
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V = {1, 2, ..., n}
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E
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G(V,E) H(V ′, E′)

G1(V1, E1) : V1 ⊆ V,E1 ⊆ E G H

G(V,E) H(V ′, E′)

(Sk, St) (Sk′, St′) Sk ⊆ (V,E) Sk′ ⊆ (V ′, E′) St = ⟨s, L(s) ⊆ V ⟩ St′ =

⟨s, L′(s) ⊆ V ′⟩ G H H



G G1(V1, E1) : V1 ⊆ V,E1 ⊆ E G

Sk1 = Sk H H G

Sk = Sk1 = Sk′

St′ ⊆ St : {∀(s, L′(s)) ∈ St′ : (s, L(s)) ∈ St, L′(s) ⊆ L(s)}
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G,H (Gsk, Gst), (Hsk, Hst)
H G

Gsk ̸= Hsk

sit← Hst.iterator() hst = sit.nextStar() starMatches = false
gst ∈ Gst

gst.getStarV ar() = hst.getStarV ar()
pit = hst.iterator() hp = pit.nextPattern() patternMatches = false

gp ∈ gst
gp = hp
patternMatches = true
pit.hasMore()
hp = pit.nextPattern()

pit.hasMore()||patternMatches = false

starMatches = true

sit.hasMore()||starMatches = false

H H G



O(2
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n n) n

O(n)

n 3n
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O(st (st)) st
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G = (V,E, c)

G = (V,E, c)

⊆ ⊆ \
∈ ∈ ∈



G = (V,E, c) 1 . . . n

1⊆ 2⊆ \ 1 n⊆ \ 1, . . . n−1

i j ∈ ∈ ∈ i

∈ j

1 . . . n

1 ≺ 2 ≺ · · · ≺ n ≺

min(Si) = {v|v ∈ Si, ∀v′ ∈ Si : v
′ ̸= v =⇒ v ≺ v′}



V V

solve(V )

v ∈ V

v.isStar()
dpTable[{v}].mergeAll(getP lanForStar(v))

dpTable[{v}].mergeAll(indexScans(v))

v ∈ V ≺
emitCsg({v})
enumerateCsgRec({v},Bv)

dpTable[V ]

V

≺

S1, X



S1

v ≺
Bv = {w : w ≺ v} ∪ {v}

v

enumerateCsgRec(S1, X)

N ⊆ N (S1, X) : N ̸= ∅
emitCsg(S1 ∪N)

N ⊆ N (S1, X) : N ̸= ∅
enumerateCsgRec(S1 ∪N,X ∪N (S1, X)

N (S1, X) S1 X

S1 {S1} [var|{S1}, . . . , {Sn}]

≺

S1

S1 S1

S1

Nlabel =



emitCsg(S1)

|S1| ≥ 2
dpTable[S1].mergeAll(checkCache(S1))

X = S1 ∪ Bmin(S1)

Nlabel = Nlabel(S1, X)
(l, S2) ∈ Nlabel : S2 ̸= ∅
X1 = X ∪ S2

list.push(S1)
enumerateCmpLcList(list, S2, X1, l)

Nlabel(S1, X) Nlabel (l, S2) l

S2 X S1

l

Nlabel(S1, X)

(l, S2) S1∪S2

l S1

S1

enumerateCmpLcList(list, S,X, l)

S = ∅
extendCmpLcList(list, 1, X, l)

m =
≺

{v ∈ S}
S1 ⊆ S \m
S1 = S1 ∪m S2 = S \ S1 list.push(S1)
enumerateCmpLcList(list, S2, X, l)
list.pop()

list, S,X, l S S1

S ≺ S2 = S \ S1 S1

S2

list, i,X, l



extendCmpLcList(list, i,X, l)

i < list.size()− 1
extendCmpLcList(list, i+ 1, X, l)

emitCmpLcList(list, l)

S = list.get(i)
N ⊆ N (S,X) : N ̸= ∅
S1 = S ∪N list.put(i, S1)
extendCmpLcList(list, i,X ∪N (S,X), l)

list.put(i, S)

i = 1, . . . , list.size()−1 list, l

(list, l)

st

|
|

| | | |
| | | |
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cacheResult

cacheResult(V,E, aux, size)
V,E :
aux :
size :

(skeletonLabel, starLabel)← canonicalLabel(V,E)
resultTree← ResultCache.get(skeletonLabel)
aux.addStarLabel(starLabel)
treeInsert(resultTree.root, aux, size)

treeInsert(node, aux, size)
aux.isEmpty()
createLeaf(size)

aInfo← aux.getNext()
((edge, child) = node.getEdge(aInfo)) = null)

(edge, child) = newEdge(aInfo)

treeInsert(child, aux, size)
aInfo.isIndexed()

maxSel← maxSelectivity(edge)
results = child.minResults ∗maxSel

results = child.minResults

results < node.minResults
results ≤ 1
results← 1

node.minResults = results

s = minRecords/totalRecords

"���"XQLY�
s = 1000/1m = 10−3



s1 s2 s = s1 · s2
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CheckCache

checkCache(V,E, aux, k)
V,E :
aux :
k :

(skeletonLabel, starLabel)← canonicalLabel(V,E)
resultTree← ResultCache.get(skeletonLabel)
aux.addStarLabel(starLabel)

searchTree(resultTree, aux, k)
searchTree(resultTree, aux, k)

results← {}
openNodes :

openNodes← {(resultTree.root, 1)}
openNodes ̸= {}

n← openNodes.removeHead()
(results.size = k) (n.cost ≥ results.maxCost)

results

processNode(n, openNodes, results, aux, k)

results
processNode(n, openNodes, results, aux, k)

(edge, child) ∈ n.children()
s = selectivity(edge, aux) > 0
child.selectivity ← s ∗ n.selectivity
child.cost← child.minResults ∗ child.selectivity
child.isLeaf()

results.size < k
results.add(child)

results.maxCost > child.cost
results.removeMaxAndAdd(child)

openNodes.add({child, child.cost})



selectivity(edge, aux)

×



Selectivity estimation

selectivity(edge, aux)
aux

selectivity ← 1
edge.isStarLabel()

edge.skeletonStarSubgraphIsomorphic(aux)
aux.setNewCanonicalV ariableMapping()
selectivity ← 2 + patternsToBeJoined()

0

a ∈ aux.get(edge.variable)

edge.subsumes(a)
a.isF ilter

edge.isIndexed

selectivity ← selectivity ∗ filterSelectivity(a)

a.isJoinV ariable edge.isNotIndexed
selectivity ← selectivity ∗ 2

0

selectivity
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executeQuery

executeQuery(query)
(q, aux)← abstractQuery(query)

cacheRequests← {}
plan← DPccp(q, aux, cacheRequests)
results← execute(plan);

CacheController.cacheResults(results)
CacheController.addRequestBenefits(cacheRequests, qID)
CacheController.addResultBenefit(q, plan)

cacheResults(results)

result ∈ results

request← CacheRequests.get(result)
result.benefit← request.benefit
result.queryIDs← request.queryIDs
cache(result, result.benefit)

addRequestBenefits(cacheRequests, qID)
(req, benefit) ∈ cacheRequests
addBenefit(req.skeletonLabel, req.starLabel, req.aux, benefit, qID)

addResultBenefit(q, plan)

result ∈ plan.usedCachedResults
newP lan← DPccpWithoutResult(q, result)
result.benefit+ = (newPlan.cost− plan.cost)

?univ = H∗



addBenefit

addBenefit(skeletonLabel, starLabel, aux, benefit, qID)
skeletonLabel, starLabel :
aux :
benefit :
qID :

aux.addStarLabel(starLabel)
benefitTree← CacheRequests.get(skeletonLabel)
treeAddBenefit(benefitTree.root, aux, benefit, 1, qID)

treeAddBenefit(node, aux, benefit, s, qID)
s :
aux.isEmpty()
addChild(benefit, s, qID)

aInfo← aux.next()
aInfo.isStarLabel()
newEdgeIfNotExists(aInfo.getLabel())

addChild(benefit, s, qID)
newEdgeIfNotExists( ∗, Index )
newEdgeIfNotExists(aInfo)

(edge, child) ∈ node.children()

selectivity ← s ∗ selectivity(edge, aInfo)
benefit ≤ 0

(benefit− selectivity ∗R/thr) > 0
treeAddBenefit(child, aux, benefit, selectivity)

b = B − s ·R/thr

B s R

thr

s3 b3 = 3sec−s3∗1m/100k ≃ 3sec

b = 3sec− 1 ∗ 1m/100k = −7sec



CacheControllerPeriodicProcess

updateBenefits()
OrderedResults :
result ∈ ResultCache

0 < a < 1
result.benefit = result.benefit ∗ a
OrderedResults.insert(result)

OrderedRequests :
request ∈ CacheRequests

request.benefit = request.benefit ∗ a
OrderedRequests.insert(request)

removeFromCacheRequests(OrderedRequests)
request ∈ OrderedRequests

DPccp
request.benefit = request.benefit/estimateCost()

profitableQueryGeneration()

req ∈ OrderedRequests

evict← evictions(estimateSize(req), req.benefit)
evict.satisfied
result← executeQuery(req)



cachingPolicy

cache(result, benefit)
evict← evictions(result.size, benefit))
evict.satisfied
removeCachedResults(evict)
cacheResult(result.V, result.E, result.aux, result.size)
decreaseBenefits(result.queryIDs)

evictions(size, benefit)

evict← {}
availableCacheSize ≥ size
evict.satisfied = true

evict

result ∈ OrderedResults
result.benefit ≤ benefit
evict.add(result)
evict.totalSize ≥ size

evict.totalSize ≥ size
evict.satisfied = true

evict.satisfied = false

evict
evictions(size, benefit)

request ∈ CacheRequests
oldSize← request.queryIDs.size

request.queryIDs = request.queryIDs \ queryIDs
newSize← request.queryIDs.size
request.benefit = request.benefit ∗ newSize/oldSize
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evaluate()
DnsMap == NULL
kd = readTreePartitionF ile()
kd.findBuckets(min,max, l)
l.sort()
partNum = l.indexOf(partNum)
line = readLineFrom(uniqueIPFile)
s = HBaseTable.getScanner(scan.setStartRow(line))
result = s.next()

line! = NULL result! = NULL
UniqueIP ScanIP
result = s.seekTo(line, UniqueIP − ScanIP )

line = br.seekTo(result.getRowKey())

result.getRowKey().equals(line)
keyV alue.putInHashMap()

DnsMap.get(ip)
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