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ABSTRACT

Recent work on parallel joins and data skew has concentrated on algorithm design without con-
sidering the causes and characteristics of data skew itself. This paper presents a simple analytic
model of data skew and identifies four distinct types: tuple population skew, selectivity skew,
hash partition skew and join probability skew. To demonstrate the model, a representative algo-
rithm, the GRACE parallel join algorithm, is analyzed. Results of the analysis indicate that skew
effects are substantial, and that they vary greatly with the type of skew. Also, skew effects vary
substantially with system and data characteristics such as communications speed, cardinality and
selectivity.
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1 Introduction

In recent years, parallel joins have been popular topics for research. Specific algorithms have been
proposed in [10, 7, 2, 1, 4, 20]; while more general analyses and comparisons are presented in
[16, 3, 11, 9, 12, 17).

The phenomenon of data skew is well-documented[13, 18], and recent reports such as [20, 19, 14]
have proposed parallel join algorithms designed to perform well in the presence of skew. However,
there has been little effort to characterize data skew in more detail, or to examine what steps
of an algorithm are affected by it. This paper identifies four distinct types of skew, and uses a
simple analytic model to demonstrate how the effects of data skew differ between skew types. As
an illustration of the model and associated methodology, the GRACE[10] algorithm is examined in
detail. Tt is selected because it is simple, efficient, well-known and because a parallel implementation
exits[17].

This paper is organized as follows. The first section covers several preliminary topics: section
1.1 describes the model of data skew. Section 1.2 covers goals and assumptions in more detail.
Section 1.3 describes the method used to estimate algorithm performance. Section 1.4 explains the
format in which results are presented.

Section 2 describes each type of data skew and provides some examples. The GRACE algorithm
is described in section 3, while analysis and conclusions are presented in 4.

1.1  The “relative partition” Model of data skew

This section reviews the relative partition model. A more detailed exposition may be found in [18].
Before proceeding, it is useful to define some terminology. A granule is taken to be a generic data
unit, whose exact interpretation will vary with context. A partition is the portion of a relation
assigned to a node in multicomputer system.
The relative partition model assumes that one partition has ¢J times more data than the others,
which are all of equal size. The prefix 7(Q-” denotes the node or granule with the excess data.
The skew parameter ¢} is defined in terms of the mean partition size. That is, let

N-@Q

bmas = QK b = K (1)

Where 1 < () < N, and & is the mean partition size. k4, is the size of the Q-partition, while k;
is the size of any other partition.

While the relative partition model may seem to be an over-simplification, it is actually a rea-
sonable approximation. This is due to the nature of join algorithms: there are multiple phases with
barrier synchronization between phases. In many cases there is one data granule per node. Even
in cases where each node processes multiple granules between synchronizations, it is a reasonable
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Figure 1: Actual data distribution (A) vs. relative partition model (B)

worst case assumption that the larger granules are collected on a single node. In both cases, the
relative partition model is still applicable.

In a computation of this sort, the response time for each phase is determined by the Q-node -
the one with the largest workload. Processing time for the other granules has little effect on the
response time for each phase, since all nodes must wait for the Q-node to finish.

More formally, the response time T for a phaseis 7' = f(K,Q), where f is a (possibly nonlinear)
function of @, the skew factor, and K, the per-node cardinality. Increasing either variable will
increase the response time. The skew factor ¢ expresses the extent to which processing time for
the largest granule exceeds that of the average granule.

The relative partition model exploits this characteristic by focusing on the largest granule and
treating all others as of uniform size. Figure 1 shows this simplification. Again, the model is
accurate as long as it captures the size of the largest granule.

1.2 Goals and Assumptions

The goal of this report is to use the relative partition model to examine the direct effects of various
types of data skew, as compared to a no-skew base case. Several assumptions are made to facilitate
such an analysis:

o Join algorithms may be characterized as multiple phase computations with barrier synchro-
nization between phases. This is a prerequisite for use of the relative partition model.

e The Q-node is the same for both relations

e Only one type of skew occurs in each test case. That it, each type of skew will be evaluated
in isolation. Future work will consider the more realistic case where several types of skew
occur simultaneously.



e There is no overlap between CPU, disk and communications. This is similar to the assumption
made in [6]. This assumption simplifies analysis and greatly reduces the number of scenarios
that must be examined.

e There is sufficient main memory that even the largest partitions do not overflow main memory.
This condition isolates the direct, quantitative effects of data skew from indirect, qualitative
effects, such as additional input/output required to deal with memory overflow,

o Truncation, rounding, and fragmentation effects are ignored.

¢ Algorithms do not include bit or semi-join filtering.

1.3 Method of Analysis

The assumption of no overlap between CPU, disk, and communication is justified because it greatly
simplifies analysis and does not detract from the goal of this paper. That goal is evaluation of the
relative increase in response time due to data skew. Thus, the relevant metric is the ratio between
response times for the skew and non skew cases. The absolute accuracy of response time predictions
is a secondary consideration.

Because disk, CPU and communications are assumed not to overlap, the detailed sequence
and possible concurrency of operations need not be considered. For the purpose of computing
the response time, all operations are commutative, so they can be grouped for computational
convenience. For example, all the costs of storing all join buckets to disk can be obtained in a
single calculation, rather than calculating the results for each bucket separately.

Section 3 analyzes the GRACE algorithm in detail. The following procedure will be used:

1. decompose the algorithm into steps.
2. compute the response time of each step for the uniform case
3. for each type of data skew

(a) identify the steps that are affected by skew

(b) calculate the response time for those steps

(¢) calculate skew multiplier (the ratio between response time for skew and no-skew cases).

(d) use the uniform case for any steps unaffected by skew.



1.4 Skew Multiplier Tables

The response time for each step can be decomposed into three factors:

Tstep = jvopiopMskew

where N,, is the operation count (tuples, pages, messages, etc.), top is the operation time, and
M opew 15 a skew multiplier.

This decomposition reflects the three major influences on response time: the algorithm and
relation sizes (N,,); hardware and software performance characteristics (Zo5); and skew effects
(Mgpew)- If there are no skew effects for a given step, then Mspew = 1. For the uniform case, the
response time is the product of N, and t,,. The response time for an algorithm is simply the sum
of the response times for each of its steps

Operation counts are derived from straightforward (time complexity) analysis of each step.
Operation times are a characteristic of the architecture on which an algorithm is implemented.
Skew multipliers are obtained by calculating the response time for the skew and non skew cases
and taking their ratio. That is:

Tskew
Mskew =

Tung

where 7pey is the response time for the skew case, and 7,,; is the response time for the uniform
case.

This decomposition permits expressions for response time to be presented in skew multiplier
tables (see, for example, table 1). The leftmost column gives values of Ny, the rightmost column
gives 1,,,and the middle columns give skew multipliers. For uniform cases, the response time is the
product of the right and left columns; for skew cases, a skew multiplier is selected from one of the
middle columns.

2 Types of Data Skew

Skew is not a homogeneous phenomenon: a variety of effects can cause non-uniform data distribu-
tion. For the purposes of this paper, the effects are grouped into four skew types: tuple population
skew, selectivity skew, hash partition skew, and join probability skew. In the following discussion,
a partition means the part of a (input or output) relation assigned to a node. If hashing is used, a
partition may contain more than one hash bucket.

2.1  Tuple Population Skew (TPS)

The initial distribution of tuples varies between partitions. For example, tuples may be partitioned
by clustering attribute, in user specified ranges. Even if the populations are initially the same,



differing rates of insertions and deletions may unbalance them over time. A mathematical model
of this process is described in [8]. ¢ times as many tuples are stored on the Q-node as on other

nodes.

2.2 Selectivity Skew (SS)

This occurs when the selectivity of local selection and projection predicates varies between nodes.
A selection predicate that includes a range selection on the partitioning attribute is an obvious
example. Tuples on the Q-node are ) times more likely to be selected during local selection.

2.3 Hash Partition Skew (HPS)

Hash partition skew occurs when there is a mismatch between the distribution of join key values
in a relation and the distribution expected by the hash function. Hash partition skew has two
different causes:

join key skew occurs when join key values are not uniformly distributed among tuples. For
example: join key values follow a normal distribution. Join key skew is a property of data. When
it is present, hash bucket sizes will vary even if there is no hash function skew.

hash function skew is a property of the hash function and not the data. It occurs when the
number of possible hash key values mapped to each hash bucket varies. That is, the range of the
hash function (bucket numbers) is less uniformly distributed than the domain (hash key values) of
the hash function. In terms of the relative partition model, the Q-node holds ¢} times more joinable
tuples than other nodes.

2.4 Join Probability Skew (JPS)

Join Probability Skew occurs when size of the join product on each partition differs, although the
size of the join inputs on all partitions are uniform. It is a property of a pair of relations. As such,
it is not manifested until the relations are joined. For this reason, the skew factor (Jrs has two
subscripts. The size of the join output on the Q-node is Jps larger than that on other nodes.

2.5 Examples of Data Skew

Some examples will help clarify the nature of HPS and JPS. Let z be a key value; for these examples
z has a domain of {1---8}. Let H(z) be a hash function. Tuples are represented by ordered pairs,
consisting of a key value and a letter representing the rest of the tuple.



1. Hash Function Skew
Let H(z) = (x div 6)
Let B = {(1,4),(2,B),(3,C),(4,D),(5,E),(6,F),(7,G),(8, H)}
The partitions become
Ro=1{1,2,3,4,5} and Ry = {6,7,8}
In this case, hash partition skew occurs because the hash function does not evenly divide the
space of possible hash keys. More specifically, Qg is 5/4.
2. Join Key Skew
Let
R={(1,4),(2,B),(3,C),(4,D),(4,E)} and
§ = {(1,V),(2,W),(3,X),(4,Y), (4,2)}
The hash function is H(z) = (z — 1) div 2
Then, the partitions are:
Ro = {(1,4),(2, B)} 1= {(3,0),(4,D),(4,E)}
So = {(1,V),(2,W)} $1={(3,X),(4,Y),(4,2)}
The join output for each partition is
Ro™ 5o = {(1,A,V),(2,B,W)}
Ry S ={(3,C,X),(4,D,Y),(4,D,2),(4,E,Y),(4,E, Z)}
Here we see that the hash function evenly divides the space of hash keys, but that the number
of tuples in each bucket is still different, since some hash keys occur more frequently than
others. Both g and Qg have a value of 8/5 in this example
3. Join Probability Skew
Let the hash function be the same as the previous example
Let B ={(1,4),(3,0).(5,£),(6,F)} and
§={(1.V).(2,W),(5,Y),(6,2)}
The partitions are:
Ro = {(1,4),(3,C)} Ri = {(5,F),(6, )} and
So = {(1.V),(2,W)} 8 = {(5,Y),(6,2)}
Then, the join output for each partition is

Ro™ So = {(1,4,V)}



Ry ™ S5 = {(5,E,Y),(6,F, Z)}

In this case, the number of tuples is the same in both partitions, and each join key occurs
with equal frequency. That is, hash partition skew is not present. But the join outputs are of
different size because of the way tuples in the two partitions interact. In this example Qrs
is4/3.

2.6 Normalization

In order to accurately compare the effects of uniform and non-uniform distribution of data, the
total number of tuples in the system at each stage of the algorithm must be the same in both
skewed and uniform cases. Therefore, in performing an analytic comparison, the selectivity of local
selection and projection predicates (hereafter called local selectivity) must be adjusted so that local
selection eliminates the same number of tuples in both cases. Similarly, the number of join output
tuples must be consistent between cases.

local selectivity normalization Let o™ be the net selectivity (for either relation ), while a®ff
is the effective selectivity at nodes besides the Q-node. The number of tuples at each node is K.
(e.g: Ks = ||S||/N). The total number of tuples remaining after filtering is

NEgame (2)

For the uniform case, and:

QsKsatll + (N — 1)Kga®// (3)
For the skew case. Setting equations 2 and 3 equal and solving for acf7 yields the following result:

N

e N
“ O+ N -1

aﬂ@i {4}

Note that in the no-skew case, § = 1, and the above expression reduces to oflf = anet,

join selectivity normalization plJ expresses the join 7selectivity” of two typical granules
(those not on the Q-node). The relationship between pet and p®// can be calculated from the
definition of pne':

v IS B
MENE (5)

Let ¢ denote the skew factor: QsQr for hash partition skew, and ¢Jrs for join probability skew.
The size of the join on the Q-node is given by:

0



KrKg eff .
BE‘ “EQPBQ (6)
Note that Ks = ||S||/N and Kr = ||R||/N. pfgfé is the effective join selectivity for the most general
case, where data skew is present and there are multiple bucket (fragments) on the Q-node.

On the other nodes, the join product size is:

Kg Kg eff

55 B "Bl (™)
Applying the results in equations 6 and 7, as well as the definition of Kg and K, to the expression
for p¢! in equation 5 yields:

.[/" s I,’ v
B gpedt 1 (v —1)Esfn pers )

NKgNKp

net .
p =

Which may be rearranged to:
net N+g-1
pret = BNZ Pgé (9)
Equation 9 implies that:

eff _ BIVZ

net
pBQ“N_%_q__l;Q (10)

From the above expression, it is apparent that p®/7 depends not only on p”¢*, but on N, the
number of nodes; B,the number of buckets; and the skew factor(s).

Two simplifications of equation 10 are of special interest: the no-skew case, where ¢ = 1, and
the single bucket case, where B = 1. Thus, there are four versions of the effective selectivity.

PBO multiple buckets and skew B >1 ¢>1
P1 single bucket and skew B=1 g>1
pB% multiple buckets, noskew DB >1 ¢g=1
pyy  single bucket, no skew B=1 ¢g=1

3 The GRACE Parallel Join Algorithm

3.1 Overview

The GRACE algorithm was proposed by Kitsuregawa[10] in 1983. Another useful description may
be found in [6]. Schneider and DeWitt[17] report the implementation of a parallel version of the



algorithm on the GAMMA database machine [5, 7]. The performance estimates in this report are
based on the GAMMA implementation of the GRACE algorithm.
The GRACE algorithm has three distinct phases.

1. Form buckets for smaller relation ($-relation)

(a) Retrieve 5 tuples from disk
(b) Filter tuples

(c) hash tuples on the join key
(d) send tuples to join bucket sites
(e) receive tuples at bucket sites

(f) store tuples for buckets 0 to B — 1.

9. Repeat the above procedure for the larger (&) relation.
3. Join each bucket according to the following procedure:

(a) retrieve S-tuples

(b) build a hash table

(c) retrieve R-tuples

(d) probe hash table with R tuples
(e) create join output tuples

(f) store join results on disk

The remainder of this section examines each step of the GRACE algorithm in detail. Table 3
summarizes the notation used here.

3.2 Uniform Case

For the uniform case, the following assumptions apply:

e each node stores an equal number of tuples.
e join key values are distributed uniformly throughout the relations R and 5.

e All hash buckets will be of the same size.

10



step la: retrieve tuples The time to fetch tuples from disk is the product of the number of
tuples and their length, divided by the size of a disk page:

KL
——1dis \
T ldisk (11)

step 1b: filter tuples This is the number of tuples multiplied by the cost to filter a single tuple.

Ktygitter (12)

step lc: hash to join bucket sites The number of tuples remaining after the filtering stage
is Ko™, and thesh is the cost of hashing one tuple.

j{anetthash ( 13)

step 1d: send tuples The time required to move tuples to the sites of their join buckets is:

N-1 Katht

TN, lsend (14)
Where m is the message size. The (N — 1)/N term reflects the fact that 1/N of the tuples are
already stored at the proper node.

step le: receive tuples Since the message traffic is symmetrical, the same expression holds for
the number of tuples received at each node.

N —-1Ka™[

N m e (15)

step 1f: save tuples The GRACE algorithm writes all buckets to disk.
Ko™t ,
Ttdisk (16)

Note that above calculations describe both phase 1 (hash partition of S-relation) and phase 2
(hash partition of R-relation).

The join phase begins by reading S-tuples and building a hash table with them. For all buckets,
this requires:

step 3a: retrieve S-tuples
Ksa®'Lg
'—“'—l%"”:ztdésﬁ: (17
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step 3b: hash S-tuples
Ks50% thash (18)

step 3c: retrieve R-tuples Next, R tuples are read and used to probe the hash tables con-
structed in step 3b.

Kra™'Lp
———g—“—fdisk (19)
step 3d: probe R-tuples
KvR&%etzprobe (20)

Finally, matching tuples are joined and written to disk.

step 3e: join buckets
K s K paet ol pifiitiom (21)

step 3f: save join tuples

net net el f Lioin

KpKsa® ¥ pgy D tdisk (22)

Where Ljoin = Ls + Lr — Liey.

3.3 Tuple Population Skew

Tuple population skew occurs when a disproportionate number of tuples are stored on one node
(the Q-node). However, join keys values are uniformly distributed and there is no hash function
skew, so all hash buckets are of uniform size.

Because there are QK tuples stored on the Q-node, the response time for retrieval, filtering,
and hashing, and transmitting data (steps la to 1d) are all @ times greater than the uniform case.
That is, the skew multiplier for these steps is @.

step le: receive tuples Since the hashing and redistribution step disperses extra tuples from
the Q-node to other nodes, the other nodes receive more tuples than the Q-node.
The number of tuples sent by the Q-node to each of the other N — 1 nodes is:

1 N-1 QKame
[ - net . v
No1 N el =%

The number of tuples sent by any other node to the Q-node (or any other node) is:




1 N-IN-Q . (N=-Q) . . ‘
Vo1 W Nl ERm ot (24)
Thus, the total number of tuples received by a non-Q node is:
QK amet N-@Q N? 2N +@Q
R — AV ) Peh—_— met . o T ¥ K et E
v W -Axmopie N1 e (25)

The skew multiplier is obtained by taking the ratio of the number of tuples in the skew case
(equation 25) and the uniform case (equation 15):

N2-2N+Q

_ NIN-1) Q-1 ‘
Mgew = —“]('\,_%V‘__—l—“ =1+ W-ip (26)

3.4 Selectivity Skew

Selectivity Skew is similar to tuple population skew, but it is caused by differences between nodes
in the selectivity of local selection and projection. The time required to retrieve and filter tuples is
identical to the uniform case.

step lc: hash tuples The filtering step will yield QKa®// tuples on the Q-node and Ko/
tuples on the others. Thus, the response time for the hash step is:

Q‘{fafgffthash (27)
The skew multiplier is:

QKo tpe,  NQ
I{aﬂetthash B Q +N -1

A/jskew - (28)

step 1d: send S-tuples Since the Q-node has more tuples than the others, it determines the
response time for the transmission step:

N —1QKalfL
N tsend (29)

m

The skew multiplier is the ratio of equations 29 and 14:

N-1 Ko/ .
Q_]—\'?—I'M;ﬁ—_iiisend _ 'fl’eff . QA’ (30>
r 1 feoyret - net AT .
./\le K a” Ly o G+ N -1
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step le: receive tuples Note that the Q-nodes needs more time to send data, but the other
nodes need more time to receive it. The number of tuples sent from the Q-node to each other node
is:

I N-1QKe /L~ Q
N-1 N m TN

While the tuples sent by any non-Q node to each of the remaining nodes is given by:

Ka®f? (31)

1 N-1 1
1 Nl err o Lggers _
No1 w te vie (32)

Thus, the number of tuples received at a non-Q node is

QKo Q+N-2

R N
The skew multiplier is found by dividing the number of tuples in equation 33 by the number of
tuples in the uniform case (from equation 15)

+(N - 2)-;\7-Kaeff = Katf! (33)

Q=2 gos/f N Q4+ N-2

Mpew = -
kew = THdpgnet T N -1Q+ N -1

(34)

After the tuple redistribution stage, tuples are uniformly distributed across all nodes. Thus,
the time required to store tuples after hashing and redistribution is identical to the uniform case.

3.5 Hash Partition Skew

The time to retrieve, filter and hash S-tuples is the same as the uniform case. In contrast to tuple
population skew and selectivity skew, Hash Partition Skew concentrates tuples at the Q-node. The
response time for the transmission step is the same as the uniform case: the same number of tuples
are sent, but a greater portion of them are routed to the Q-node. The skew multiplier for the
receive step is @, since there are () times as many tuples sent to the Q-node.

As for the join phase, since there are Qg times as many S-tuples on the Q-node, the skew
multiplier for steps 3a and 3b (retrieve and hash) is @s. Similarly, the skew multiplier for steps 3c
and 3d (retrieve and probe) is Qg.

step 3e: join buckets
QsQR!fslx’m%e’“‘a%‘%?étjm (35)
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step 3f: save join tuples

- s e L + L - L €
QsQrKsKpaltaitpidl] - ; "Vt ik (36)

The number of tuples in the last two steps is QsQrK s K paZ ot pgé , compared to K g Kot s pgg

tuples for the uniform case. Thus, the skew multiplier is:

| QsQrKsKpolox'odd PES  NQsQr
Miew = ————— o—err .~ WsUr~crr = (37)
KsKpal o' pair PET N+QsQr~1 ’

3.6 Join Probability Skew

Since join probability skew only affects the size of the join product, not the join inputs, costs for
all but the last two steps are the same as the uniform case.

step 3e: building join tuples
QrsKrK 502 o 0]t join (38)

step 3f: saving join tuples

net . net 8ffLS + Lr — Lkey

QRS‘K’R}{S&S Q’R pBQ D td‘ésk‘ (39>
For both step 3e and step 3f the skew multiplier is:
M QrsKsKraly' o' g 0 s NQrs
skew = I = RS = =7 40
KsKpataf piff pdf N+Qrs-1 0

3.7 Summary

Skew multipliers for the hash partition phase are summarized in table 1. Skew multipliers for the
join phase are given in table 2.

4 Analysis and Conclusions

4.7 Selection of Parameter Values

Calculations were performed to evaluate how system size, relation size, local selectivity, join selec-
tivity, and message processing time modulated the effects of data skew. Specifically, the following
cases were considered:

15



step operation skew multiplier operation
number count TPS 55 JPS | HPS time
1la &L Q 1 1 1 taisk
1b K Q 1 1 1 tritter
1le ]X’Oinet Q Q_{_\i\r_i 1 1 fhash
- t N
ld | NpKerl Q or = R I N (R 2
N-1 Ko™L Q-1 N_Q+N-2
le - N am 1+ (N-1)2 N-1Q+N-1 1 Q trecy
1f s agetL 1 1 1 Q Taisk

Table 1: Response Times and Skew Multipliers for Hash Partition Phase
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step operation skew multiplier operation
number count TPS | SS JPS HPS time
3a é_s_ﬂzgiéﬁ_ 1|1 1 Qs taish
3¢ w 1 1 1 On {disk
36 I(S(X?}et 1 1 1 Gs thash
3d }(Ra%ef‘ 1 1 1 QR iprobe
. e net et 34 N@R ‘NQSQR o
3e KsKpo'd oy Np™® 1 1 NiOns—1 | "+0sO R tioin
e e 7 L'oin NOR NQSQR .
3f | KsKpoftafiNprst=ig | 1 1 1 B 0 | NaQsQrot | sk

Table 2: Response Times for Join Phase of GRACE Algorithm




e system size: Small (8 nodes), medium-sized (64 nodes), and large (1024 nodes) systems
were considered.

e relation size: Three relation sizes were examined: 10°, 10°, 107.

e local selectivity: Two values of o™ were considered: 1.0, meaning no tuples were eliminated
by local selection, and 0.1, corresponding to elimination of 90% of tuples.

e join selectivity: two values were used: 1077 and 1075.

e message time: The message time includes the operating system overhead required for a
node to process a message. The message time values assume a maximum message size of 256
bytes; if substantially longer messages were used, 7),,, would have to be adjusted accordingly.

Tmsg = 0.2ms represents computer systems such as the as the Symult with wormhole routing
and specialized communications coprocessors. T,,, = 2.0ms is appropriate for architectures
such as the early Hypercubes, which employ store and forward routing.

e skew parameter Preliminary analysis of actual data files reported in [19, 15] indicate @

values that range from 2 to 3. The calculations presented here vary the skew parameter from
1 to 3.

Table 3 lists all parameter values used in this analysis. Operation times are similar to those
assumed in [16].

For each combination of the above values, response times were calculated for the uniform case
and all four skew types. The next section presents some representative results along with detailed
analysis. Complete results are listed in appendix A

4.2 Analysis

A number of conclusions may be reached:

skew effects are linear The cost (increase in response time) of data skew is roughly proportional
to the skew parameter ). Table 4 shows results for a system with 8 nodes and 10° tuples, and
parameter values of " = 1.0, p"¢* = 1077 and T},5y = 2.0ms. Both the response time (in seconds)
and response ratio (skew response time divided by uniform response time) are shown. Note that
@ = 1.0 is the uniform case.

skew effects are significant In all cases, when ¢ = 3.0, at least one type of skew will double
response time. Table 5 list some representative cases for @ = 3.0, p™ = 1077, and T,5y = 0.2 ms.

This result is particularly important since TPS can occur in several ways, while HPS occurs
whenever the data distribution does not match that expected by the hash function. That is, the
forms of skew must likely to occur also have the greatest impact.
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parameter | description typical values | units
N system size 8: 64; 1024 | nodes
D disk page size 4096 bytes
M memory size 1M bytes
m message size 256 bytes
tdisk time to read or write a disk page 20 msec
tsend time to send a message 0.2; 2.0 msec
trecy time to receive a message 0.2; 2.0 msec
thash time to hash a tuple 3 usec
tprobe time to probe hash table 6 sec
tmerge time to merge two tuples 20 psec
tioin time to create join output tuple 40 pisec
tscan time to scan an input tuple 6 usec
| R]| cardinality of R 105105107 | tuples
I151] cardinality of § 10°;10%,107 | tuples
Lp length of an R-tuple 208 bytes
Ls S-tuple length 208 bytes
Liey key length 4 bytes
et net local selectivity 0.1; 1.0
ol net join selectivity 10-7;1078
Q skew factor 1.0 to 3.0
Table 3: parameter values
Q TPS 55 HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | Tesp(sec) | ratio
1.0 109 1.00 109 1.00 109 1.00 109 1.00
1.5 128 1.17 112 1.02 147 1.35 113 1.04
2.0 146 1.34 114 1.05 187 1.71 118 1.08
2.5 165 1.51 116 1.07 227 2.08 124 1.14
3.0 184 1.68 119 1.09 269 2.46 131 1.20

Table 4: Effects of Increasing Data Skew 10° tuples 64 nodes o™ = 1.0 Tnsy = 2.0 ms p™* = 107
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skew effects vary with data characteristics Local selectivity, join selectivity, and cardinality
all effect the relative magnitude of the costs for each type of skew. More specifically:

1. In table 5, note that HPS has the greatest response ratio of the four skew types when o™ =
1.0, but that TPS is greatest when o™ = 0.1. When " = 1.0, every step of the algorithm
is performed for all tuples retrieved from disk. Since HPS affects more steps than TPS, it
follows that the skew effects will be greater for HPS. However, when o™ = 0.1, 90% of the
tuples are eliminated by local selection. In this situation, skew effects in TPS affect processing
of all tuples, while HPS only affects processing of the 10% of tuples that remain after local
selection. (HPS does not affect steps la and 1b).

2. In most cases, the influence of join selectivity is minor. Referring to table 6, note that for
TPS, SS, and HPS, the response rations for both values of p"* are within a few percent of
each other. In most cases considered here, the number of join output tuples is so small that
join processing makes only a minor contribution to the total response time. This is not true
when relation cardinalities are 107; those cases are discussed in the following paragraph.

3. Effects of join selectivity and skew in join steps (both HPS and JPS affect steps 3e and 3f)
are more pronounced at large cardinalities. This follows from the fact that the number of
join tuples grows quadratically with cardinality. In table 6, note that response ratios for
pt = 1077 are much greater than those for p"¢ = 1073. These are also the only cases where
JPS has a larger response ratio than TPS.

uniform TPS SS HPS JPS

card. N | response(sec) ratio ratio ratio ratio
a= |a= |la=ja=|a=|la=|la=|a=]|a=|a=
1.0 01 {1001} 10|01 ] 10|01} 1.0 01
8 84 321 1.70 | 266|106 | 1.02 231135 1.01 | 1.00
10° 64 11 4011701265109} 1022311351021 1.00
1024 0.6 0.2 11631259110 1.03 239|141 }1.02]1.00
8 864 | 316 | 1.68 | 2.65 | 1.06 | 1.02 | 2.36 | 1.35 | 1.10 | 1.00
108 64 109 401 1.68 | 2.6511.09|1.02 246 1.35} 1.20 | 1.01
1024 6.8 2.511.68 265 1.09]1.031249 136 1.23 | 1.01
8110924 ¢ 3183 | 1.54 1264} 1.0511.021281 1137181 1.03
107 64 | 1377 399 | 154|264 1.071.02)3.61 140! 2.61 | 1.06

1024 86 251154 | 2641071103 3821141283 ] 1.06

Table 5: Effects of local selectivity when p™¢ = 107 and Tsg = 0.2ms
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uniform TPS S5 HPS JPS

card N response(sec) ratio ratio ratio ratio
p= g = p= P = = p= p= p= P = L=
10-7 | 1078 | 10-7 | 1078 | 1077 | 1078 1071 10°8 | 10~7 | 108
8 84 84 | 1.70 | 1.70 | 1.06 .06 2311230 1.01 | 1.00
10° 64 i1 11 ] 1.70 | 1.70 0 1.09 | 1.09 1 2.31 | 2.30 | 1.02 | 1.00
1024 0.6 061 1.63 1 1.63 1 1.10 | 1.10 | 2.39 | 2.37 | 1.02 | 1.00
8 864 {411 168 | 1.70 | 1.06 | 1.06 | 2.36 | 2.31 | 1.10 | 1.01
108 64 109 106 ] 1.68 | 1.70 | 1.09 | 1.09 | 2.46 | 2.31 | 1.20 | 1.02
1024 6.8 661 1.68 1 1.70 1 1.09 | 1.10 | 2.49 | 232 | 1.23 | 1.02
8 10024 | 8638 | 1.4 | 1.68 | 1.05 | 1.06 | 2.81 | 2.36 | 1.81 | 1.10
107 64 13771 1091 | 1.64 | 1.68 | 1.07 | 1.09 | 3.61 | 246 | 2.61 | 1.20
1024 86 68 1 1.54 | 1.68 | 1.07 | 1.09 | 3.82 | 2.49 | 2.83 | 1.23

Table 6: Effect of join selectivity when o™ = 1.0 and D5y = 0.2 ms

communications characteristics also affect skew costs There is also an interaction between
communications speed (message passing time) and data skew. The nature of this interaction varies
with skew type:

JPs

From table 7 it can be seen that the response ratio is always larger with faster messages. Since
JPS does not affect message passing steps, the absolute increase in overall response time due
to JPS does not vary with T,,s,. However, the uniform response time — the denominator in
response ratio — does increase with Tp,s.. Hence, slow communications decrease the response
ratio by increasing its numerator (uniform response time)

SS From table 7, it is apparent that response ratios are greater for large values of 1,5, (slower

TPS

communications). Increasing Ty, increases the relative importance of steps 1d and le, which
are affected by selectivity skew.

TPS affects message passing steps. When o™ = 1.0, a larger value of T),,, increases the
proportion of the response time consumed by message passing. Hence increasing Ty, in-
creases the prominence of skew effects and the response ratio increases. Thus, response ratios
are larger for 1,55 = 2.0.

However, when o™t = 0.1, 90% of tuples are eliminated by local selection, so that the retrieval
and local selection steps dominate the response time. The total response time is smaller, so
that response ratios are much greater than when o™ = 1.0. Skew effects in the message
passing steps are too small to have an appreciable effect. The Ty5; = 0.2 case has a slightly
larger response ratio because the uniform response time is faster.
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HPS

HPS primarily affects the join phase. Response ratios are larger when o = 1.0 because
all tuples are processed by steps affected by HPS. Note that HPS affects the receive step
(step le), but not the transmit step (step 1d). Thus, increasing Tp,,, increases the uniform
response time (which includes two message steps) more than skew effects, so response ratio
is slightly less for slow messages.

When o™t = 0.1, the differences due to Ty,s, are smaller. A larger value of T, increases
skew effects but has little impact on the uniform response time. Thus, the response ratio is
larger for Thsy = 2.0 (compared to Trmsy = 0.2).

uniform TPS SS HPS JPS

card | @™ | Tpusg resp | resp | ratio | ratio resp | ratio | ratio
10° ] 1.0 0.2 i1 181 1.76 | 1.09 24.32 1 2.30 | 1.00
2.0 20 36 | 1.84 | 1.49 42.31 | 2.16 | 1.00

0.1 0.2 4.0 101 2.65 ] 1.02 532 1.35 | 1.00

2.0 4.8 12 | 2.53 | 1.20 7111 1471 1.00

1051 1.0 0.2 106 | 181 | 1.70 | 1.09 | 245.67| 2.31 | 1.02
2.0 196 | 361 | 1.84 | 1.49 | 425.62 | 2.17| 1.01

0.1 0.2 40 1 105§ 2.65 7 1.02 53.31 1 1.35| 1.00

2.0 49| 123 2.53 | 1.20 71300 147 1.00

107 1.0 0.2 1091 | 1837 | 1.68 | 1.09 | 2685.42 | 2.46 | 1.20
2.0 1991 | 3637 | 1.83 | 1.48 1448498 | 2.25 | 1.11

0.1 0.2 396 | 1050 | 2.65 | 1.02| 53553 | 1.35| 1.01

2.0 486 | 12301 2.53 | 1.20 | 71548 1.47 | 1.00

Table 7: Effects of message time with 64 nodes and p"® = 107% (response times in seconds)

4.3

Conclusions

Several general conclusions can be drawn from this work:

L

&

A simple analytic model provides considerable insight into the effects of data skew.

Algorithms that were designed for uniform data distribution suffer considerable performance
degradation from modest amounts of data skew.

Skew is not a homogeneous phenomenon, and the effects of each type of skew differ greatly.

e FEffects of skew vary with data and system characteristics.
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Complete Results of Calculations

The following tables list results for all combinations of the parameter values discussed in section

4.1.
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Q TPS SS HPS JP3
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 84.1 1.00 84.1 1.00 84.1 1.00 34.1 1.00
1.5 98.8 1.18 85.6 1.02 111.5 1.33 84.3 1.60
2.0 113.5 1.35 86.9 1.03 139.0 1.65 84.6 1.01
2.5 128.2 1.53 88.2 1.05 166.4 1.98 84.8 1.01
3.0 142.9 1.70 89.3 1.06 193.9 2.31 85.0 1.01

Table 8: Effects of Q value for 10° tuples and 8 nodes with a™¢ = 1.000 Trsy = 0.20 p"¢* = 1077

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 83.8 1.00 83.8 1.00 83.8 1.00 83.8 1.00
1.5 98.6 1.18 85.4 1.02 1111 1.33 83.9 1.00
2.0 113.3 1.35 86.7 1.03 138.3 1.65 83.9 1.00
2.5 128.0 1.53 87.9 1.05 165.6 1.98 83.9 1.00
3.0 142.7 1.70 89.0 1.06 192.8 2.30 83.9 1.060

Table 9: Effects of Q value for 10° tuples and 8 nodes with o = 1.000 T}nsy = 0.20 p™t = 1078

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 148.1 1.00 148.1 1.00 148.1 1.00 148.1 1.00
1.5 179.1 1.21 163.0 1.10 191.5 1.29 148.3 1.00
2.0 210.1 1.42 176.3 1.19 235.0 1.59 148.5 1.00
2.5 241.2 1.63 188.2 1.27 278.4 1.88 148.8 1.00
3.0 272.2 1.84 198.9 1.34 321.8 2.17 148.9 1.01

Table 10: Effects of Q value for 10% tuples and 8 nodes with @™ = 1.000 T,

= 2.00 p"et = 1077

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 147.8 1.00 147.8 1.00 147.8 1.00 147.8 1.00
1.5 178.9 1.21 162.8 1.10 191.1 1.29 147.8 1.00
2.0 209.9 1.42 176.1 1.19 234.3 1.59 147.9 1.60
2.5 240.9 1.63 188.0 1.27 277.6 1.88 147.9 1.00
3.0 272.0 1.84 198.7 1.34 320.8 2.17 147.9 1.00

Table 11: Effects of Q value for 105 tuples and 8 nodes with a™* = 1.000 T, = 2.00 p™¢* = 1078
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Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) [ ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 31.5 1.00 31.5 1.00 31.5 1.00 31.5 1.00
1.5 44.6 1.41 31.7 1.00 34.3 1.09 31.5 1.00
2.0 57.7 1.83 31.8 1.01 37.0 1.17 31.6 1.00
2.5 70.7 2.24 32.0 1.01 39.7 1.26 31.6 1.00
3.0 83.8 2.66 32.1 1.02 42.4 1.35 31.6 1.60

Table 12: Effects of Q value for 10° tuples and 8 nodes with o' = 0.100 Tpnsy = 0.20 p"* = 107

Q TPS SS HPS JPS
Tesp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 31.5 1.00 31.5 1.00 31.5 1.00 31.5 1.00
1.5 44.6 1.41 31.7 1.00 34.3 1.09 31.5 1.00
2.0 57.6 1.83 31.8 1.01 37.0 1.17 31.5 1.00
2.5 70.7 2.24 32.0 1.01 39.7 1.26 31.5 1.00
3.0 83.8 2.66 32.1 1.02 42.4 1.35 31.5 1.00

Table 13: Effects of Q value for 10° tuples and 8 nodes with ™" = 0.100 T4y

=0.20 p" = 107°

Q TPS S5 HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 37.9 1.00 37.9 1.00 37.9 1.00 37.9 1.00
1.5 52.6 1.39 39.4 1.04 42.3 1.11 37.9 1.00
2.0 67.3 1.77 40.8 1.07 46.6 1.23 37.9 1.00
2.5 82.0 2.16 42.0 1.11 50.9 1.34 38.0 1.00
3.0 96.7 2.55 43.0 1.13 55.2 1.46 38.0 1.60

Table 14: Effects of Q value for 10° tuples

and 8 nodes with

et = 0.100 Ty

=2.00 p¢t = 1077

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 37.9 1.00 37.9 1.00 37.9 1.00 37.9 1.00
1.5 52.6 1.39 39.4 1.04 42.3 1.11 37.9 1.00
2.0 67.3 1.77 40.8 1.07 46.6 1.23 37.9 1.00
2.5 82.0 2.16 42.0 1.11 50.9 1.34 37.9 1.00
3.0 96.7 2.55 43.0 1.13 55.2 1.46 37.9 1.60

Table 15: Effects of Q value for 10° tuples and 8 nodes with o™ = 0.100 T}
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Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 10.6 1.00 10.6 1.00 10.6 1.00 10.6 1.00
1.5 12.5 1.18 106.9 1.02 14.1 1.33 10.6 1.00
2.0 14.3 1.35 11.1 1.05 17.6 1.66 10.7 1.01
2.5 16.2 1.53 11.3 1.07 21.0 1.98 10.8 1.01
3.0 18.0 1.70 11.6 1.09 24.5 2.31 10.8 1.02

Table 16: Effects of Q value for 10° tuples and 64 nodes with a™® = 1.000 T}, = 0.20 p"¢* = 1077

Q TPS 55 HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 10.6 1.00 10.6 1.00 10.6 1.00 10.6 1.00
1.5 12.4 1.18 10.8 1.02 14.0 1.32 10.6 1.00
2.0 14.3 1.35 11.1 1.05 17.4 1.65 10.6 1.00
2.5 16.2 1.53 11.3 1.07 20.9 1.97 10.6 1.00
3.0 18.0 1.70 11.6 1.09 24.3 2.30 10.6 1.00

Table 17: Effects of Q value for 10° tuples and 64 nodes with

a™et = 1.000 Ty

= 0.20 p"** = 1078

Q TPS SS HPS JP3
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 19.6 1.00 19.6 1.00 19.6 1.00 19.6 1.00
1.5 23.7 1.21 22.0 1.12 25.3 1.29 19.6 1.00
2.0 27.8 1.42 24.5 1.25 31.0 1.58 19.7 1.00
2.5 31.9 1.63 26.8 1.37 36.8 1.88 19.8 1.01
3.0 36.0 1.84 29.2 1.49 42.5 2.17 19.8 1.01

Table 18: Effects of Q value for 10° tuples

and 64 nodes with

a™et = 1.000 Trnsy

= 2.00 p"¢t = 1077

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 19.6 1.00 19.6 1.60 19.6 1.00 19.6 1.00
1.5 23.7 1.21 22.0 1.12 25.3 1.29 19.6 1.00
2.0 27.8 1.42 24.4 1.25 30.9 1.58 19.6 1.00
2.5 31.9 1.63 26.8 1.37 36.6 1.87 19.6 1.00
3.0 36.0 1.84 29.1 1.49 42.3 2.16 19.6 1.00

Table 19: Effects of Q value for 10° tuples and 64 nodes with o = 1.000 T,
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Q TPS S5 HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio resp(sec) | ratio
1.0 3.9 1.00 3.9 1.00 3.9 1.00 3.9 1.00
1.5 5.6 1.41 4.0 1.01 4.3 1.09 3.9 1.00
2.0 7.2 1.83 4.0 1.01 4.6 1.17 3.9 1.00
2.5 8.8 2.24 4.0 1.02 5.0 1.26 3.9 1.60
3.0 10.5 2.65 4.0 1.02 5.3 1.35 3.9 1.00

Table 20: Effects of Q value for 10° tuples and 64 nodes with o = 0.100 T}, 55 = 0.20 P = 1077

Q TPS S5 HPS JP3
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio resp(sec) | ratio
1.0 3.9 1.60 3.9 1.00 3.9 1.00 3.9 1.00
1.5 5.6 1.41 4.0 1.01 4.3 1.09 3.9 1.00
2.0 7.2 1.83 4.0 1.01 4.6 1.17 3.9 1.00
2.5 8.8 2.24 4.0 1.02 5.0 1.26 3.9 1.00
3.0 10.5 2.65 4.0 1.02 5.3 1.35 3.9 1.60

Table 21: Effects of Q value for 10° tuples and 64 nodes with o™ = 0.100 Tp5y = 0.20 p™ = 10-8

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio resp(sec) | ratio
1.0 4.8 1.00 4.8 1.00 4.8 1.00 4.8 1.00
1.5 6.7 1.38 5.1 1.05 5.4 1.12 4.8 1.00
2.0 8.6 1.77 5.3 1.16 6.0 1.23 4.8 1.00
2.5 10.4 2.15 5.6 1.15 6.5 1.35 4.8 1.00
3.0 12.3 2.53 5.8 1.20 7.1 1.47 4.8 1.00

Table 22: Effects of Q value for 10° tuples

and 64 nodes with

o™t = 0.100 Tpnsg

= 2.00 p™ = 107

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 4.8 1.00 4.8 1.00 4.8 1.00 4.8 1.00
1.5 6.7 1.38 5.1 1.05 5.4 1.12 4.8 1.00
2.0 8.6 1.77 5.3 1.10 6.0 1.23 4.8 1.00
2.5 10.4 2.15 5.6 1.15 6.5 1.35 4.8 1.00
3.0 12.3 2.53 5.8 1.20 7.1 1.47 4.8 1.00

Table 23: Effects of Q value for 10° tuples and 64 nodes with o = 0.100 T}, = 2.00 p"t = 1078
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Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 0.6 1.00 0.6 1.00 0.6 1.00 0.6 1.00
1.5 0.7 1.16 0.6 1.03 0.8 1.35 0.6 1.00
2.0 0.8 1.31 0.7 1.05 1.1 1.69 0.6 1.01
2.5 0.9 1.47 0.7 1.08 1.3 2.04 0.6 1.02
3.0 1.0 1.63 0.7 1.10 1.5 2.39 0.6 1.02

Table 24: Effects of Q value for 10° tuples and 1024 nodes with &t = 1.000 T},s, = 0.20 p™* = 1077

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 0.6 1.00 0.6 1.00 0.6 1.00 0.6 1.60
1.5 0.7 1.16 0.6 1.03 0.8 1.34 0.6 1.00
2.0 0.8 1.31 0.7 1.05 1.0 1.69 0.6 1.60
2.5 0.9 1.47 0.7 1.08 1.3 2.03 0.6 1.00
3.0 1.0 1.63 0.7 1.10 1.5 2.37 0.6 1.00

Table 25: Effects of QQ value for 10° tuples and 1024 nodes with

o™t = 1,000 Ty g

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 1.2 1.00 1.2 1.00 1.2 1.00 1.2 1.00
1.5 1.4 1.20 1.3 1.13 1.5 1.30 1.2 1.00
2.0 1.7 1.40 1.5 1.26 1.9 1.60 1.2 1.060
2.5 1.9 1.60 1.7 1.40 2.3 1.90 1.2 1.01
3.0 2.1 1.80 1.8 1.53 2.6 2.21 1.2 1.01

= 0.20 p"* = 108

Table 26: Effects of Q value for 10° tuples and 1024 nodes with

o™t = 1.000 T}y

= 2.00 p™t = 1077

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 1.2 1.00 1.2 1.00 1.2 1.00 1.2 1.00
1.5 1.4 1.20 1.3 1.13 1.5 1.30 1.2 1.00
2.0 1.7 1.40 1.5 1.26 1.9 1.60 1.2 1.00
2.5 1.9 1.60 1.7 1.40 2.3 1.90 1.2 1.00
3.0 2.1 1.81 1.8 1.53 2.6 2.20 1.2 1.00

Table 27: Effects of Q value for 10° tuples and 1024 nodes with o™ = 1.000 T},,5, = 2.00 p"¢* = 108
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Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio resp(sec) | ratio
1.0 0.2 1.00 0.2 1.00 0.2 1.00 0.2 1.00
1.5 0.3 1.40 0.2 1.01 0.2 1.10 0.2 1.00
2.0 0.4 1.80 0.2 1.02 0.3 1.20 0.2 1.00
2.5 0.5 2.19 0.2 1.02 0.3 1.31 0.2 1.00
3.0 0.5 2.59 0.2 1.03 0.3 1.41 0.2 1.00

Table 28: Effects of Q value for 10° tuples and 1024 nodes with " = 0.100 T;,5, = 0.20 p"** = 107

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio resp(sec) | ratio
1.0 0.2 1.00 0.2 1.00 0.2 1.00 0.2 1.00
1.5 0.3 1.40 0.2 1.01 0.2 1.10 0.2 1.00
2.0 0.4 1.80 0.2 1.02 0.3 1.20 0.2 1.00
2.5 0.5 2.19 0.2 1.02 0.3 1.31 0.2 1.00
3.0 0.5 2.59 0.2 1.03 0.3 1.41 0.2 1.00

Table 29: Effects of Q value for 10° tuples and 1024 nodes with o = 0.100 Tp,5, = 0.20 pret = 1078

Q TPS S5S HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio resp(sec) | ratio
1.0 0.3 1.00 0.3 1.00 0.3 1.00 0.3 1.00
1.5 0.4 1.37 0.3 1.06 0.3 1.13 0.3 1.00
2.0 0.5 1.73 0.3 1.12 0.3 1.27 0.3 1.00
2.5 0.6 2.10 0.3 1.18 0.4 1.40 0.3 1.00
3.0 0.7 2.47 0.3 1.24 0.4 1.54 0.3 1.00

Table 30: Effects of Q value for 10° tuples and 1024 nodes with o = 0.100 Trpsy = 2.00 p™* = 107

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 0.3 1.00 0.3 1.00 0.3 1.00 0.3 1.00
1.5 (.4 1.37 0.3 1.06 0.3 1.13 0.3 1.00
2.0 0.5 1.73 0.3 1.12 0.3 1.27 0.3 1.00
2.5 0.6 2.10 0.3 1.18 0.4 1.40 0.3 1.00
3.0 0.7 2.47 0.3 1.24 0.4 1.53 0.3 1.00

Table 31: Effects of Q value for 105 tuples and 1024 nodes with "¢ = 0.100 Tpsy = 2.00 p™** = 1072
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Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 863.8 1.00 863.8 1.00 863.8 1.00 863.8 1.00
1.5 1011.1 1.17 879.1 1.02 1160.1 1.34 887.8 1.03
2.0} 1158.5 1.34 892.6 1.03 1456.8 1.69 912.3 1.06
2.5 1 13058 1.51 904.7 1.05 1751.0 2.03 934.2 1.08
3.0 1453.1 1.68 915.6 1.06 2041.7 2.36 952.7 1.10

Table 32: Effects of Q value for 10° tuples and 8 nodes with o™ = 1.000 Ty, 5, = 0.20 p™¢* = 1077

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 841.0 1.00 841.0 1.00 841.0 1.00 841.0 1.00
1.5 988.3 1.18 856.2 1.02 1115.6 1.33 843.4 1.00
2.0 1135.6 1.35 869.7 1.03 1390.3 1.65 845.8 1.01
2.5 12829 1.53 881.9 1.05 1664.7 1.98 848.0 1.01
3.0 14303 1.70 892.8 1.06 1938.8 2.31 849.8 1.01

Table 33: Effects of Q v,

alue for 10% tuples and 8 nodes with a™® = 1.000 T, = 0.20 p™* = 1078

= 2.00 p¢ = 1077

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 1503.7 1.00 1503.7 1.00 1503.7 1.00 1503.7 1.00
1.5 1 1814.2 1.21 1653.3 1.10 1959.9 1.30 1527.7 1.02
2.0 | 2124.8 1.41 1786.4 1.19 2416.5 1.61 1552.1 1.03
2.5 1 24353 1.62 1905.4 1.27 2870.7 1.91 1574.1 1.05
3.0 27459 1.83 2012.5 1.34 33214 2.21 1592.5 1.06
Table 34: Effects of Q value for 10° tuples and 8 nodes with o™ = 1.000 T,

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 1480.8 1.00 1480.8 1.00 1480.8 1.00 1480.8 1.00
1.5 1791.3 1.21 1630.5 1.10 19154 1.29 1483.2 1.00
2.0 21019 1.42 1763.5 1.18 2350.0 1.59 1485.6 1.60
2.5 1 24124 1.63 1882.5 1.27 2784.4 1.88 1487.8 1.00
3.0 2723.0 1.84 1989.7 1.34 3218.5 2.17 1489.7 1.01

Table 35: Effects of Q value for 10° tuples and 8 nodes with & = 1.000 T}, = 2.00 p"¢* = 1078
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Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 316.0 1.00 316.0 1.00 316.0 1.00 316.0 1.00
1.5 446.6 1.41 317.5 1.00 343.4 1.08 316.2 1.00
2.0 577.3 1.83 318.8 1.01 370.9 1.17 316.4 1.00
2.5 708.0 2.24 320.1 1.01 398.3 1.26 316.7 1.00
3.0 838.6 2.65 321.1 1.02 425.7 1.35 316.9 1.00

Table 36: Effects of Q value for 10° tuples and 8 nodes with ™ = 0.100 Ty,

=0.20 p™°t = 1077

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 315.7 1.00 315.7 1.00 315.7 1.00 315.7 1.00
1.5 446.4 1.41 317.3 1.00 343.0 1.09 315.8 1.00
2.0 577.1 1.83 318.6 1.01 370.2 1.17 315.8 1.00
2.5 707.7 2.24 319.8 1.01 397.5 1.26 315.8 1.00
3.0 838.4 2.66 320.9 1.02 424.7 1.35 315.8 1.00

Table 37: Effects of Q value for 10° tuples and 8 nodes with o™ = 0.100 T},

= 0.20 pnet = 10~8

= 2.00 p™<t = 1077

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 379.9 1.00 379.9 1.00 379.9 1.00 379.9 1.00
1.5 526.9 1.39 394.9 1.04 423.4 1.11 380.2 1.00
2.0 673.9 1.77 408.2 1.07 466.9 1.23 380.4 1.00
2.5 820.9 2.16 420.1 1.11 510.3 1.34 380.7 1.60
3.0 967.9 2.55 430.8 1.13 553.7 1.46 380.8 1.00
Table 38: Effects of Q value for 10° tuples and 8 nodes with & = 0.100 T,

Q TPS 55 HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 379.7 1.00 379.7 1.00 379.7 1.00 379.7 1.00
1.5 526.7 1.39 394.7 1.04 423.0 1.11 379.7 1.00
2.0 673.7 1.77 408.0 1.07 466.2 1.23 379.8 1.60
2.5 820.7 2.16 419.9 1.11 509.4 1.34 379.8 1.06
3.0 967.7 2.55 430.6 1.13 552.7 1.46 379.8 1.60

Table 39: Effects of Q value for 10° tuples and 8 nodes with o™ = 0.100 T},,, = 2.00 p"¢* = 1078
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Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 169.1 1.00 109.1 1.00 109.1 1.00 109.1 1.00
1.5 127.7 1.17 111.6 1.02 147.2 1.35 112.9 1.04
2.0 146 .4 1.34 114.0 1.05 186.6 1.71 118.0 1.08
2.5 165.0 1.51 116.4 1.07 227.2 2.08 124.2 1.14
3.0 183.6 1.68 118.8 1.69 268.5 2.46 131.3 1.20

Table 40: Effects of Q value for 106 tuples and 64 nodes with a"®* = 1.000 Tinsy = 0.20 p"* = 1077

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 106.2 1.00 106.2 1.00 106.2 1.00 106.2 1.00
1.5 124.9 1.18 108.7 1.02 140.9 1.33 106.6 1.00
2.0 143.5 1.35 111.2 1.05 175.7 1.65 107.1 1.01
2.5 162.1 1.53 113.6 1.07 210.7 1.98 107.7 1.01
3.0 180.8 1.70 115.9 1.09 245.7 2.31 108.4 1.02

Table 41: Effects of Q value for 106 tuples and 64 nodes with o™ = 1.000 Ty,s; = 0.20 p" = 1073

Q TPS 55 HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0} 199.0 1.00 199.0 1.00 199.0 1.00 199.0 1.00
1.5 240.2 1.21 223.5 1.12 259.7 1.30 202.9 1.02
2.0 281.3 1.41 247.6 1.24 321.6 1.62 208.0 1.04
2.5 322.5 1.62 271.3 1.36 384.6 1.93 214.2 1.08
3.0 363.6 1.83 294.7 1.48 448.5 2.25 221.3 1.11

Table 42: Effects of Q value for 108 tuples and 64 nodes with ™ = 1.000 T,

= 2.00 p™** = 1077

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 196.2 1.00 196.2 1.00 | 196.2 1.00 196.2 1.00
1.5 237.3 1.21 220.7 1.12 253.4 1.29 196.6 1.00
2.0 278.5 1.42 244.7 1.25 310.7 1.58 197.1 1.00
2.5 319.6 1.63 268.5 1.37 368.1 1.88 197.7 1.01
3.0 360.8 1.84 291.8 1.49 425.6 2.17 198.4 1.01

Table 43: Effects of Q value for 10° tuples and 64 nodes with a™*' = 1.000 T,y = 2.00 p¢* = 1078
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Q TPS SS HPS JPS

resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 39.6 1.00 39.6 1.060 39.6 1.00 39.6 1.00
1.5 55.9 1.41 39.8 1.01 43.1 1.09 39.6 1.00
2.0 72.3 1.83 40.1 1.01 46.5 1.18 39.7 1.00
2.5 88.6 2.24 40.3 1.02 50.0 1.26 39.7 1.00
3.0 105.0 2.65 40.6 1.02 53.5 1.35 39.8 1.01

Table 44: Effects of Q value for 10® tuples and 64 nodes with @™ = 0.100 T},5, = 0.20 p™ = 1077

Q TPS 55 HPS JPS

resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 39.6 1.00 39.6 1.00 39.6 1.00 39.6 1.00
1.5 55.9 1.41 39.8 1.01 43.0 1.09 39.6 1.60
2.0 72.3 1.83 40.1 1.01 46.4 117 39.6 1.00
2.5 88.6 2.24 40.3 1.02 49.9 1.26 39.6 1.00
3.0 105.0 2.65 40.5 1.02 53.3 1.35 39.6 1.00

Table 45: Effects of Q value for 106 tuples and 64 nodes with ™ = 0.100 Ty,5 = 0.20 p™¢t = 1072

Q TPS SS HPS JPS

resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 48.6 1.00 48.6 1.00 48.6 1.00 48.6 1.00
1.5 67.2 1.38 51.0 1.065 54.3 1.12 48.6 1.00
2.0 85.8 1.77 53.4 1.10 60.0 1.24 48.7 1.00
2.5 104.4 2.15 55.8 1.15 65.8 1.35 48.7 1.00
3.0 123.0 2.53 58.2 1.20 71.5 1.47 48.8 1.00

Table 46: Effects of Q value for 10° tuples and 64 nodes with o = 0.100 T,,,5, = 2.00 p"* = 1077

Q TPS 55 HPS JPS

resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 48.6 1.00 48.6 1.00 48.6 1.00 48.6 1.00
1.5 §7.2 1.38 51.0 1.05 54.2 1.12 48.6 1.00
2.0 85.8 1.77 53.4 1.10 59.9 1.23 48.6 1.00
2.5 104.4 2.15 55.8 1.15 65.6 1.35 48.6 1.00
3.0 123.0 2.53 58.1 1.20 71.3 1.47 48.6 1.00

Table 47: Effects of Q value for 108 tuples and 64 nodes with o™ = 0.100 1,5, = 2.00 p"¢t = 1078
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Q TPS SS HPS JPS

resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio resp(sec) | ratio
1.0 6.8 1.00 6.8 1.00 6.8 1.00 6.8 1.00
1.5 8.0 1.17 7.0 1.02 9.2 1.35 7.0 1.04
2.0 9.1 1.34 7.1 1.05 11.7 1.72 7.4 1.09
2.5 10.3 1.51 7.3 1.07 14.3 2.10 7.8 1.15
3.0 11.4 1.68 7.4 1.09 17.0 2.49 8.4 1.23

Table 48: Effects of Q value for 10° tuples and 1024 nodes with ™t = 1.000 T, s, = 0.20 p™* = 1077

Q TPS SS HPS JPS

resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 6.6 1.00 6.6 1.00 6.6 1.00 6.6 1.00
1.5 7.8 1.17 6.8 1.02 8.8 1.33 6.6 1.00
2.0 8.9 1.35 6.9 1.05 11.0 1.66 6.7 1.01
2.5 10.1 1.52 7.1 1.07 13.2 1.99 6.7 1.02
3.0 11.2 1.70 7.3 1.10 15.4 2.32 6.8 1.62

Table 49: Effects of Q value for 106 tuples and 1024 nodes with a”¢* = 1.000 T},55 = 0.20 p™* = 1072

Q TPS S8 HPS JPS

resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 12.5 1.00 12.5 1.00 12.5 1.00 12.5 1.00
1.5 15.1 1.21 14.1 1.13 16.3 1.31 12.8 1.02
2.0 17.7 1.41 15.7 1.25 20.2 1.62 13.1 1.05
2.5 20.3 1.62 17.3 1.38 24.3 1.94 13.5 1.08
3.0 22.8 1.83 18.8 1.51 28.4 2.27 14.1 1.13

Table 50: Effects of Q value for 10 tuples and 1024 nodes with @™ = 1.000 Ty, s, = 2.00 p™* = 1077

Q TPS SS HPS JPS

resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 12.3 1.00 12.3 1.00 12.3 1.00 12.3 1.00
1.5 14.9 1.21 13.9 1.13 15.9 1.29 12.4 1.00
2.0 17.5 1.42 15.5 1.26 19.5 1.58 12.4 1.00
2.5 20.1 1.63 17.1 1.39 23.1 1.88 12.4 1.01
3.0 22.7 1.84 18.7 1.51 26.8 2.17 12.5 1.01

Table 51: Effects of Q value for 10° tuples and 1024 nodes with ™! = 1.000 T, s = 2.00 p™ = 1078
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Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 2.5 1.00 2.5 1.00 2.5 1.00 2.5 1.00
1.5 3.5 1.41 2.5 1.01 2.7 1.09 2.5 1.00
2.0 4.5 1.82 2.5 1.01 2.9 1.18 2.5 1.00
2.5 5.5 2.24 2.5 1.02 3.1 1.27 2.5 1.00
3.0 6.5 2.65 2.5 1.03 3.3 1.36 2.5 1.01

Table 52: Effects of Q value for 10° tuples and 1024 nodes with o™ = 0.100 T, 55 = 0.20 p™¢* = 1077

Q TPS 5S HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 2.5 1.00 2.5 1.00 2.5 1.00 2.5 1.00
1.5 3.5 1.41 2.5 1.01 2.7 1.09 2.5 1.00
2.0 4.5 1.82 2.5 1.01 2.9 1.18 2.5 1.00
2.5 5.5 2.24 2.5 1.02 3.1 1.26 2.5 1.00
3.0 6.5 2.65 2.5 1.03 3.3 1.35 2.5 1.00

Table 53: Effects of Q value for 10° tuples and 1024 nodes with o™ = 0.100 T}, = 0.20 p™* = 1072

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 3.0 1.00 3.0 1.00 3.0 1.00 3.0 1.00
1.5 4.2 1.38 3.2 1.05 3.4 1.12 3.0 1.00
2.0 5.3 1.76 3.3 1.10 3.7 1.24 3.0 1.00
2.5 6.5 2.14 3.5 1.16 4.1 1.36 3.0 1.00
3.0 7.6 2.53 3.7 1.21 4.5 1.48 3.0 1.01

Table 54: Effects of Q value for 10° tuples and 1024 nodes with & = 0.100 T, 5,

= 2.00 p™t = 1077

Q TPS S5 HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 3.0 1.60 3.0 1.00 3.0 1.00 3.0 1.00
1.5 4.2 1.38 3.2 1.05 3.4 1.12 3.0 1.00
2.0 5.3 1.76 3.3 1.10 3.7 1.24 3.0 1.00
2.5 6.5 2.15 3.5 1.16 4.1 1.35 3.0 1.00
3.0 7.6 2.53 3.9 1.21 4.5 1.47 3.0 1.60

Table 55: Effects of Q value for 10° tuples and 1024 nodes with a™® = 0.100 T),5, = 2.00 p™¢* = 1078
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Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 10924.0 | 1.00 | 10924.0 | 1.00 | 10924.0 | 1.00 | 10924.0 | 1.00
1.5 | 12397.4 | 1.13 | 11076.4 | 1.01 | 16048.8 | 1.47 | 133264 | 1.22
2.0 | 13870.8 | 1.27 | 11212.0 | 1.03 | 21217.3 | 1.94 | 15772.4 | 1.44
2.5 | 15344.1 | 1.40 | 11333.2 | 1.04 | 26135.2 | 2.39 | 17967.9 | 1.64
3.0 16817.5 | 1.54 | 114423 | 1.05 | 30702.5 | 2.81 | 19812.8 | 1.81

Table 56: Effects of Q value for 107 tuples and 8 nodes with ot = 1.000 Ty, 54 = 0.20 p™¢ = 1077

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 | 8638.3 1.00 8638.3 1.00 8638.3 1.00 8638.3 1.00
1.5 10111.7 | 1.17 8790.8 1.02 | 11601.0 | 1.34 8878.6 1.03
2.0 11585.1 | 1.34 8926.3 1.03 | 14568.0 | 1.69 9123.2 1.06
2.5 | 13058.5 | 1.51 9047.5 1.05 | 175100 | 2.03 9342.7 1.08
3.0 14531.8 | 1.68 9156.6 1.06 | 204169 | 2.36 9527.2 1.16

Table 57: Effects of Q value for 107 tuples and 8 nodes with o = 1.000 T}, = 0.20 p™ = 107°

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.01 173224 | 1.00 | 173224 | 1.00 | 173224 | 1.00 | 173224 | 1.00
1.5 ] 20428.1 | 1.18 | 18819.1 | 1.09 | 24046.8 | 1.39 | 19724.8 | 1.14
2.0 1 23533.7 | 1.36 | 20149.5 | 1.16 | 30814.9 | 1.v8 | 22170.9 | 1.28
2.5 1 26639.3 | 1.54 | 21339.8 | 1.23 | 37332.5 | 2.16 | 24366.4 | 1.41
3.01 29745.0 | 1.72 | 22411.1 | 1.29 | 43499.3 | 2.51 | 26211.2 | 1.51

Table 58: Effects of Q value for 107 tuples and 8 nodes with o = 1.000 T4,

= 2.00 p"* = 107"

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 15036.8 | 1.00 | 15036.8 | 1.00 | 15036.8 | 1.00 | 15036.8 | 1.00
1.5 | 181424 | 1.21 | 16533.4 | 1.10 | 19599.0 | 1.30 | 15277.0 | 1.02
2.0 | 21248.0 | 1.41 | 17863.8 | 1.19 | 24165.7 | 1.61 | 15521.6 | 1.03
2.5 1 24353.7 | 1.62 | 19054.1 | 1.27 | 28707.2 | 1.91 | 15741.1 | 1.05
3.0 | 27459.3 | 1.83 | 201254 | 1.34 | 33213.8 | 2.21 | 15925.6 | 1.06

Table 59: Effects of Q value for 107 tuples and 8 nodes with o™ = 1.000 T},,5, = 2.00 p"* = 1072
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= 0.20 p"t = 1077

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0t 31827 1.00 3182.7 1.00 | 3182.7 1.00 3182.7 1.00
1.5 1 4489.5 141 3198.0 1.060 3479.0 1.09 3206.7 1.01
2.01 5796.3 1.82 3211.5 1.01 3775.7 1.19 3231.2 1.02
2.5 1 7103.1 2.23 3223.6 1.01 | 4069.9 1.28 3253.2 1.02
3.0 8409.8 2.64 3234.5 1.02 4360.6 1.37 3271.6 1.03
Table 60: Effects of Q value for 107 tuples and 8 nodes with ™ = 0.100 T}, 5,

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 31599 1.00 3159.9 1.00 | 3159.9 1.00 31569.9 1.60
1.5 | 4466.6 | 1.41 | 3175.1 | 1.00 | 34345 | 1.09 | 3162.3 | 1.00
2.0 5773.4 1.83 3188.7 1.01 3709.2 1.17 3164.7 1.00
2.5 | 7080.2 | 2.24 | 3200.8 | 1.01 | 3983.6 | 1.26 | 3166.9 | 1.00
3.0 8387.0 2.65 3211.7 1.02 4257.7 1.35 3168.7 1.00

Table 61: Effects of Q value for 107 tuples and 8 nodes with ™ = 0.100 T4,

=0.20 p™* = 1078

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 | 38226 1.00 3822.6 1.00 3822.6 1.00 3822.6 1.00
1.5 5292.6 1.38 3972.2 1.04 4278.8 1.12 3846.6 1.01
2.0 6762.6 1.77 4105.3 1.07 4735.5 1.24 3871.0 1.01
2.5 8232.6 2.15 4224.3 1.11 5189.6 1.36 3893.0 1.02
3.0 97026 2.54 4331.4 1.13 5640.3 1.48 39114 1.02

Table 62: Effects of Q value for 107 tuples

and 8 nodes with

ot = 0,100 Tprsg

= 2.00 p™t = 10~7

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 3799.7 1.60 3799.7 1.00 3799.7 1.00 3799.7 1.00
1.5 5269.7 1.39 3949.4 1.04 4234.3 1.11 3802.1 1.00
2.0 6738.7 1.77 4082.4 1.07 4669.0 1.23 3804.6 1.00
2.5 8208.7 2.16 4201.4 1.11 5103.4 1.34 3806.7 1.00
3.0 9678.7 2.55 4308.6 1.13 5537.4 1.46 3808.6 1.00

Table 63: Bffects of Q value for 107 tuples and 8 nodes with o™ = 0.100 T},
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= 2.00 p™¢t = 1078



Q TPS 55 HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio resp(sec) | ratio
1.0 1376.6 1.00 1376.6 1.00 1376.6 1.00 1376.6 1.00
1.5 1 1563.1 1.14 1401.5 1.02 | 2102.8 1.53 1759.7 1.28
2.0 1749.6 1.27 1426.0 1.04 | 29583 | 2.15 | 2272.1 1.65
2.5 | 1936.1 1.41 1450.1 1.05 | 3922.1 2.85 | 2892.8 | 2.10
3.0 2122.6 1.54 1473.8 1.07 | 49711 3.61 1 3598.8 | 2.61

Table 64: Effects of Q value for 107 tuples and 64 nodes with o™ = 1.000 Thsy = 0.20 pret = 1077

Q TPS 55 HPS JPS
Tesp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio resp(sec) | ratio
1.0 | 1090.9 1.00 1090.9 1.00 1090.9 1.00 1090.9 1.00
1.5 12774 1.17 1115.8 1.02 1472.3 1.35 1129.2 1.04
2.0 | 1463.9 1.34 1140.2 1.05 1866.6 1.71 1180.4 1.08
2.5 1 1650.4 1.51 1164.4 1.07 | 22717 | 2.08 1242.5 1.14
3.0 | 1836.8 1.68 1188.1 1.09 | 26854 | 2.46 13131 1.20

Table 65: Fiffects of Q value for 107 tuples and 64 nodes with o = 1.000 Tipsg = 0.20 p"** = 1078

Q TPS S5 HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio resp(sec) | ratio
1.0 | 2276.4 1.00 2276.4 1.00 2276.4 1.00 2276.4 1.00
1.5 1 2687.9 1.18 | 2521.0 1.11 3227.5 1.42 | 2659.5 1.17
2.0 | 3099.4 1.36 | 2761.9 1.21 | 4307.9 1.89 | 3171.9 1.39
2.5 ] 3510.9 1.54 | 2999.1 1.32 | 5496.7 | 2.41 3792.6 1.67
3.0 39223 1.72 | 3232.7 1.42 | 6770.7 | 2.97 | 4498.6 1.98

Table 66: Effects of Q value for 107 tuples and 64 nodes with a™ = 1.000 Thysy

= 2.00 p™t = 1077

Q TPS 55 HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio resp(sec) | ratio
1.0 1990.7 1.00 1990.7 1.00 1990.7 1.00 1990.7 1.00
1.5 | 2402.2 1.21 2235.3 1.12 | 2597.0 1.30 | 2029.0 1.02
2.0 1 2813.6 1.41 2476.2 1.24 3216.3 1.62 2080.2 1.04
2.5 3225.1 1.62 | 2713.4 1.36 | 3846.4 1.93 2142.3 1.08
3.0 3636.6 1.83 | 2947.0 1.48 | 4485.0 | 2.25 | 2212.9 1.11

Table 67: Effects of Q value for 107 tuples and 64 nodes with ot = 1.000 Tpsy = 2.00 p™<* = 1078
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Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio resp(sec) | ratio
1.0 398.9 1.00 398.9 1.00 398.9 1.00 398.9 1.00
1.5 562.5 1.41 401 .4 1.01 437.1 1.10 402.8 1.01
2.0 726.1 1.82 403.9 1.01 476.5 1.19 407.9 1.62
2.5 | 889.6 2.23 406.3 1.02 517.0 1.30 414.1 1.04
3.0 1053.2 2.64 408.7 1.02 558.4 1.40 421.2 1.06

Table 68: Effects of Q value for 107 tuples and 64 nodes with o = 0.100 T}, 5, = 0.20 p™¢* = 1077

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 396.1 1.00 396.1 1.00 396.1 1.00 396.1 1.00
1.5 559.6 1.41 398.6 1.01 430.8 1.09 396.5 1.00
2.0 723.2 1.83 401.0 1.01 465.6 1.18 397.0 1.60
2.5 886.8 2.24 403 .4 1.02 500.5 1.26 397.6 1.60
3.0 10504 2.65 405.8 1.02 535.5 1.35 398.3 1.01

Table 69: Effects of Q value for 107 tuples and 64 nodes with o™ = 0.100 T}, 44

= 0.20 p"* = 107%

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 488.9 1.00 488.9 1.00 488.9 1.00 488.9 1.00
1.5 675.0 1.38 513.4 1.05 549.5 1.12 492.7 1.01
2.0 861.1 1.76 537.5 1.10 611.5 1.25 497.9 1.02
2.5 1047.1 2.14 561.2 1.15 674.5 1.38 504.1 1.03
3.0 1233.2 2.52 584.5 1.20 738.3 1.51 511.1 1.05

Table 70: Effects of Q value for 107 tuples and 64 nodes with

aet = 0.100 Trrsy

= 2.00 p" = 1077

Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 486.1 1.00 486.1 1.00 486.1 1.00 486.1 1.00
1.5 672.1 1.38 510.5 1.05 543.2 1.12 486.4 1.00
2.0 858.2 1.77 534.6 1.10 600.6 1.24 486.9 1.00
2.5 1 1044.3 2.15 558.3 1.15 658.0 1.35 487.6 1.00
3.0 1230.3 2.53 581.7 1.20 715.5 1.47 488.3 1.00

Table 71: Effects of Q value for 107 tuples and 64 nodes with o = 0.100 T),,5, = 2.00 p™* = 1072
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Q TPS SS HPS JPS

resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 86.1 1.00 86.1 1.00 86.1 1.00 86.1 1.00
1.5 97.8 1.14 87.7 1.02 132.3 1.54 110.8 1.29
2.0 109.4 1.27 89.3 1.04 188.3 2.19 145.4 1.69
2.5 121.1 1.41 90.9 1.06 254.0 2.95 189.6 2.20
3.0 132.7 1.54 92.5 1.07 329.3 3.82 243.4 2.83

Table 72: Effects of Q value for 107 tuples and 1024 nodes with @™ = 1.000 T},s, = 0.20 p™¢* = 1077

Q TPS SS HPS JPS

resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 68.2 1.00 68.2 1.00 68.2 1.00 68.2 1.00
1.5 79.9 1.17 69.8 1.02 92.2 1.35 70.7 1.04
2.0 91.6 1.34 71.5 1.05 117.1 1.72 74.2 1.09
2.5 103.2 1.51 73.1 1.07 143.0 2.10 78.6 1.15
3.0 114.9 1.68 74.7 1.08 169.8 2.49 84.0 1.23

Table 73: Effects of Q value for 107 tuples and 1024 nodes with o™ = 1.000 T)y,s, = 0.20 p"¢* = 1078

Q TPS 53 TIPS JPS

resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 143.2 1.00 143.2 1.00 143.2 1.00 143.2 1.00
1.5 169.1 1.18 159.0 1.11 203.6 1.42 167.9 1.17
2.0 195.0 1.36 174.9 1.22 273.9 1.91 202.4 1.41
2.5 220.9 1.54 190.7 1.33 353.9 2.47 246.7 1.72
3.0 246.9 1.72 206.5 1.44 443 .4 3.10 300.5 2.10

Table 74: Effects of Q value for 107 tuples and 1024 nodes with @™ = 1.000 T,,5, = 2.00 p™** = 107

Q TPS SS HPS JPS

resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 125.3 1.00 125.3 1.00 125.3 1.00 125.3 1.00
1.5 151.2 1.21 141.2 1.13 163.5 1.30 127.8 1.02
2.0 177.2 1.41 157.0 1.25 202.7 1.62 131.2 1.05
2.5 203.1 1.62 172.8 1.38 242.9 1.94 135.7 1.08
3.0 229.0 1.83 188.6 1.51 284.0 2.27 141.0 1.13

Table 75: Effects of Q value for 107 tuples and 1024 nodes with o = 1.000 Tnsg = 2.00 p™¢t = 1078
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Q TPS SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio resp(sec) | ratio
1.0 24.9 1.00 24.9 1.00 24.9 1.00 24.9 1.00
1.5 35.1 1.41 25.1 1.01 27.3 1.10 25.2 1.01
2.0 45.3 1.82 25.2 1.01 29.8 1.20 25.5 1.02
2.5 55.5 2.23 25.4 1.02 32.4 1.36 25.9 1.04
3.0 65.7 2.64 25.6 1.03 35.1 1.41 26.5 1.06

Table 76: Effects of Q value for 107 tuples and 1024 nodes with o = 0.100 T}y = 0.20 p"¢ = 10-7

Q TPS S5 HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio resp(sec) | ratio
1.0 24.7 1.00 24.7 1.00 24.7 1.00 24.7 1.00
1.5 34.9 1.41 24.9 1.01 26.9 1.09 24.8 1.00
2.0 45.1 1.83 25.1 1.01 29.1 1.18 24.8 1.00
2.5 55.4 2.24 25.2 1.02 31.3 1.26 24.8 1.00
3.0 65.6 2.65 25.4 1.03 33.5 1.35 24.9 1.01

Table 77: Effects of Q value for 107 tuples and 1024 nodes with o = 0.100 Tpsy = 0.20 p"* = 107°

Q TPS 5SS HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 30.6 1.00 30.6 1.00 30.6 1.00 30.6 1.00
1.5 42.2 1.38 32.2 1.05 34.4 1.12 30.9 1.01
2.0 53.9 1.76 33.8 1.10 38.4 1.25 31.2 1.02
2.5 65.5 2.14 35.4 1.16 42.4 1.38 31.6 1.03
3.0 77.2 2.52 36.9 1.21 46.5 1.52 32.2 1.05

Table 78: Effects of Q value for 107 tuples and 1024 nodes with

™t = 0.100 Tys, = 2.00 p"t = 1077

Q TPS 55 HPS JPS
resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio | resp(sec) | ratio
1.0 30.4 1.00 304 1.00 30.4 1.00 30.4 1.00
1.5 42.1 1.38 32.0 1.05 34.0 1.12 30.5 1.00
2.0 53.7 1.76 33.6 1.10 37.6 1.24 30.5 1.00
2.5 65.3 2.15 35.2 1.16 41.3 1.36 30.5 1.00
3.0 77.0 2.53 36.8 1.21 44.9 1.47 30.6 1.01

Table 79: Effects of Q value for 107 tuples and 1024 nodes with o™t = 0.100 Tpnsy = 2.00 p™** = 1072
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