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( G7QH@ BN7 D696EB@9>HB>EQ7 PM9B:C A9G6H?6; (workload characteristics) BN7 8:H:3@T>Q7

(transactions) A?76> H@<67B>EF G>6 B@7 A=>BCD?6 63G:9?L<N7 89:<:3MG@H@; 8:H:3@T>Q7 =:C

=9:H=6L:J7 76 KA3B>QH:C7 B>; A=>8MHA>; A7M; HCHBF<6B:; E6B67A<@<47@; A=A5A9G6H?6;

8:H:3@T>Q7 (OLTP system). '6 D696EB@9>HB>EI 6CBI 8A7 A569BQ7B6> 6=M B:C; D9M7:C; =9:−

H43ACH@;, 633I =A9>36<KI7:C7 B>; =9:H=A3IHA>; =:C EI7:C7 :> 8:H:3@T?A; HB6 69DA?6 B@;

KIH@;, B>; C=:3:G>HB>E4; 67IGEA; B@; 8:H:3@T?6;, E6> B: =3FL:; BN7 H@<A?N7 HCGD9:7>H<:J.

': CLUE A?76> 476 =A9>KI33:7 :<68:=:?@H@; 8:H:3@T>Q7 <A KIH@ B6 D696EB@9>HB>EI

PM9B:C A9G6H?6; =:C =69:CH>IR:C7. "7B3A? HB:>DA?6 6=M B: ?D7:; (trace) B@; AEB43AH@;

BN7 8:H:3@T>Q7 HA 476 HJHB@<6 E6B67A<@<47@; A=A5A9G6H?6; E6> B6 D9@H><:=:>A? G>6 76

E6B6HEACIHA> :<I8A; 6=M 8:H:3@T?A; <A 6C5@<47@ HCGG47A>6 8A8:<47N7 (data affinity). &B6

=36?H>6 B@; A9G6H?6; 6CBF;, AEBM; 6=M B: CLUE , C3:=:>FL@EA 476; 6=3M; E6> G9FG:9:;

AC9@<6B>EM; 63GM9>L<:; :<68:=:?@H@; G>6 76 67B6=A543LA> HB:7 BA9IHB>: MGE: 8A8:<47N7

( HALC ), E6LQ; E6> 476 A9G63A?: ( TSG ) G>6 B@7 E6B6HEACF HC7LAB>EQ7 >D7Q7 =:C

D9@H><:=:>:J7B6> N; A?H:8:; G>6 B: CLUE .

&B>; 8:E><4; =:C 4G>767 A=63@LAJL@EA @ HNHBF 3A>B:C9G?6 B:C CLUE <A B@ K:FLA>6

HC7LAB>EQ7 >D7Q7 HCGEAE9><47N7 =9:8>6G96PQ7 E6> 65>:3:GFL@EA @ 3A>B:C9G?6 B:C (HA

HJGE9>H@ <A B:C; 63G:9?L<:C; ISODATA E6> Bond Energy) HA =96G<6B>EI 8A8:<476. (

HJGE9>H@ BN7 6=:BA3AH<IBN7 48A>5A MB> : 63GM9>L<:; HALC A=>BCGDI7A> =:3J <>E9:J;

D9M7:C; AEB43AH@;, 8?7:7B6; =69I33@36 >8>6?BA96 A7L699C7B>EI 6=:BA34H<6B6 N; =9:; B@7

=:>MB@B6 B@; :<68:=:?@H@;.
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( =69:JH6 A9G6H?6 8A7 L6 <=:9:JHA 76 :3:E3@9NLA? DN9?; B@7 :CH>6HB>EF HC<K:3F B9>N7

6BM<N7 B6 :=:?6 E6> ACD69>HBQ LA9<I:

':7 A=>K34=:7B6 E6L@G@BF<:C, E. -9FHB:#>E:3I:C, : :=:?:; <:C 48NHA B@ 8C76BMB@B6

76 6HD:3@LQ <A B: L4<6 6CBM E6> <A E6L:8FG@HA HA M3@ B@7 8>I9EA>6 B@; A9G6H?6;.

':7 E. Volker Bohn, : :=:?:; <A K:FL@HA =:3J, >8>6?BA96 HB: 5AE?7@<6 B@; A9G6H?6;

6CBF;, G9IP:7B6; B>; K6H>E4; 9:CB?7A; C=:HBF9>5@; B:C CLUEE6> 8?7:7BI; <:C BAD7>E4;

HC<K:C34; HA 8>IP:9A; PIHA>; B@; A9G6H?6; 6CBF;.

'@7 )69?6 +696K6H?3@, @ :=:?6 HBF9>5A B>; =9:H=ILA>A; G>6 B@ 8>M9LNH@ 36LQ7 B:C

CLUE , C3:=:?@HA B@7 8:<F 696>Q7 =>7IEN7 E6LQ; E6> B:7 63GM9>L<: Bond Energy.

$=?H@; L6 FLA36 76 ACD69>HBFHN B:7 89. Donald Ferguson, B:7 B9?B: (AEBM; 6=M B:C;-9F−

HB: #>E:3I:C E6> Volker Bohn) B@; A9AC7@B>EF; :<I86; HB@7 IBM M=:C =9NB:A<P67?HB@EA @

69D>EF >846 G>6 B: CLUE E6> B:7 HALC , E6LQ; E6> B6 <43@ B@; A5AB6HB>EF; A=>B9:=F; B@;

<AB6=BCD>6EF; <:C A9G6H?6;, E6L@G@B4; E. 2>Q9G: 'R>9?B6 E6> E. !I7: '96D67>I, :> :=:?:>

<A B>; D9FH><A; HC<K:C34; E6> =696B@9FHA>; B:C; HC74K6367 HB@7 BA3>EF 8>6<M9PNH@ B:C

EA><47:C B@; A9G6H?6;.

/6 FLA36 76 ACD69>HBFHN E6> M36 B6 <43@ B@; A9AC7@B>EF; :<I86; BN7 !.$%"O0# (B@;

:<I86; !69I33@3N7 E6> +6B67A<@<47N7 &CHB@<IBN7 B:C %7HB>B:JB:C !3@9:P:9>EF;) G>6

B>; HC<K:C34; E6> B@7 C=:HBF9>5F B:C; HA M3@ B@ 8>I9EA>6 B@; A9G6H?6; 6CBF;. %8>6?BA96

L6 FLA36 76 ACD69>HBFHN B:C;: +:H<I !6=6D9FHB:, )67Q3@ )696RIE@, '?B: &69A>8IE@,

2>Q9G: 2AN9G>677IE@, -9FHB: +3:CE?76, &69I7B: +6=>8IE@ E6> !@7A3M=@ +NHB67BI−

V67:C9IE@.

/6 FB67 =69I3A>T@ AE <49:C; <:C 76 <@7 ACD69>HBFHN E6> B:C; 89. Thomas Delica E6>

89. Eike Born 6=M B@7 :<I86 BS 2000 B@; SNI ):7ID:C, G>6 B@7 =69:DF BN7 8J: >D7Q7 6=M

=96G<6B>E4; AP69<:G4;, E6> G>6 B>; HC<K:C34; B:C;.

"EM<6, :PA?3N 76 ACD69>HBFHN B:C; G:7A?; <:C, &B9IB: .6<=9>7?8@ E6> S776 .6<=9>−

7?8:C, G>6 B@ HC<=69IHB6HF B:C; E6> B@7 6<49>HB@ C=:HBF9>5@ =:C <:C 48NH67 E6LM3@ B@
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G>6 B@7 C3>E:BAD7>EF E6> :>E:7:<>EF C=:HBF9>5@ =:C <:C =69A?D67 E6LM3@ B@ 8>I9EA>6 BN7

H=:C8Q7 <:C.
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?3940(&$ 1

>&.(;@;B

': =9QB: HJHB@<6 G96PF; G>6 A=A5A9G6H?6 8:H:3@T>Q7 (transaction processing) 676E63J−

PL@EA 6=M B:C; &:C<49>:C; 45> D>3>I8A; D9M7>6 =9>7. ZB67 :> =3IEA; 6=M =@3M =:C B>;

D9@H><:=:>:JH67 G>6 76 E6B6G9IP:C7 B>; A<=:9>E4; 8:H:3@T?A; =:C EI767A. *> =3IEA;

=@3:J 69GMBA96 67B>E6B6HBIL@E67 6=M PJ336 =6=J9:C E6> BA3>EI D69B>:J. &B6 B43@ B:C

19:C 6>Q76 A=F3LA 896HB>EF 6336GF HB: B9M=: A=A5A9G6H?6; 8:H:3@T>Q7 <A B@7 A>H6GNGF

B@; <@D67F; A=A5A9G6H?6; 8>IB9@BN7 E69BQ7 6=M B:7 Hollerith. "E:3:JL@H67 B6 HCHBF<6B6

<6R>EF; A=A5A9G6H?6; 8:H:3@T>Q7 (batch systems) B: 8AJBA9: <>HM B:C 20:C 6>Q76 E6> E6BM=>7

B6 online HCHBF<6B6 A=A5A9G6H?6; 8:H:3@T>Q7

&C7:3>EI, <=:9A? E67A?; 76 =A> MB> : <@D67>H<M; BN7 8:H:3@T>Q7 L6 <=:9:JHA 76

67B>HB:>D>HLA? <A B6 7:<>EI HC<KM36>6 HB@7 67L9Q=>7@ E:>7N7?6: K9?HE:7B6> G>6 76 5AE6L6−

9?H:C7 B@7 E6BIHB6H@ HB@7 =A9?=BNH@ =:C "EIB> =IA> HB96KI" ([GR93]). 2>’ 6CBM E6> @ 477:>6

B@; 8:H:3@T?6; A?76> =:3J =63>I E6> K6L>I 9>RN<47@ HB>; E6L@<A9>74; A<=:9>E4; =96EB>E4;.

&F<A96, B6 HCHBF<6B6 KIHAN7 8A8:<47N7 <A online A=A5A9G6H?6 8:H:3@T>Q7 (OLTP)

EC9>69D:J7 HA M36 B6 A=?=A86 B@; 67L9Q=>7@; 896HB@9>MB@B6;. *> 6=6>BFHA>; <I3>HB6

A?76> BMH: <AGI3A;, QHBA 69D?RA> E6> 8>6P6?7AB6> @ 67IGE@ G>6 E6B67A<@<476 HCHBF<6B6

A=A5A9G6H?6; 8:H:3@T>Q7. '6 =9:K3F<6B6 =:C C=I9D:C7 HA 6CBF B@7 =9:H4GG>H@ A?76> @

67IGE@ G>6 A=>=34:7 HC7B:7>H<M (G>6 76 =9:HB6BACL:J7 :> B6CBMD9:7A; =9:H=A3IHA>; HB6

?8>6 8A8:<476) E6LQ; E6> G>6 8?E6>: E6B6<A9>H<M B:C PM9B:C A9G6H?6; <AB65J BN7 EM<KN7

B:C.

2>6 76 C=I9DA> M<N; >E67:=:>@B>EF A=?8:H@ (performance) B:C HCHBF<6B:;, L6 =94=A>

76 C=I9DA> A5>H:99M=@H@ B:C PM9B:C A9G6H?6; (load balancing) <AB65J BN7 EM<KN7 B:C

HCHBF<6B:;. ': =9MK3@<6 B@; A5>H:99M=@H@; B:C PM9B:C A9G6H?6; A?76> HC7CP6H<47:

<A B: =9MK3@<6 B:C D696EB@9>H<:J B:C PM9B:C A9G6H?6; (workload characterization), 6P:J

D9A>IRAB6> 76 <=:9A? E67A?; 76 ‘‘<AB9IA>’’ B: PM9B: B:C EILA HCHBF<6B:; G>6 76 <=:9A? 76 B:7

1



<:>9IHA> A5?H:C.

%8>6?BA96 HB>; 69D>BAEB:7>E4; Shared Nothing (M=:C :> EM<K:> B:C HCHBF<6B:; 8>6B@9:J7

>8>NB>EI B<F<6B6 B@; KIH@; 8A8:<47N7) D9A>IRAB6> 76 A?76> G7NHBF @ !"##$%&'( )&)*+$%,%

(data affinity) =:C =69:CH>IR:C7 (MH:7 6P:9I B>; =9:H=A3IHA>; 8A8:<47N7) :> 8:H:3@T?A; <A

B:C; EM<K:C; B:C HCHBF<6B:;.

1=I9D:C7 A=:<47N; 8J: 67B>E9:CM<A7A; 67IGEA;:

( 67IGE@ 76 AEBA3:J7B6> :> 8:H:3@T?A; HB:C; EM<K:C; M=:C 4D:C7 B@7 <AG63JBA9@

!"##$%&'( )&)*+$%,%, 8@368F ‘‘E:7BI’’ HB6 8A8:<476 =:C D9A>IR:7B6>. )A B:7 B9M=:

6CBM :> =A9>HHMBA9A; =9:H=A3IHA>; BN7 8:H:3@T>Q7 HB@ KIH@ 8A8:<47N7 L6 A?76>

B:=>E4; E6> I96 @ =69:DF (throughput) L6 A?76> 6C5@<47@. "CBM A=>BCGDI7AB6> <A

B@7 :<68:=:?@H@ (clustering) BN7 8:H:3@T>Q7 <A =69M<:>A; =9:H=A3IHA>; E6> B@

89:<:3MG@HF B:C; (routing) HB:7 EM<K: =:C 4DA> B:HDAB>EM B<F<6 B@; KIH@; 8A8:<47N7.

(67IGE@76AEBA3:J7B6> -("-./0*%(MH:78C76BM7=A9>HHMBA9A; 8:H:3@T?A;, 8@368F76

AEBA3:J7B6> :> 8:H:3@T?A; MH: B: 8C76BM7 =>: ‘‘<6E9CI’’ (76 AEBA3:J7B6> <A I336 3MG>6

HA 8>6P:9AB>E:J; EM<K:C;). )A B:7 B9M=: 6CBM <A>Q7AB6> : D9M7:; 6=ME9>H@; (response

time) BN7 8:H:3@T>Q7. "CBM A=>BCGDI7AB6> <A B:7 8>6HE:9=>H<M (declustering) BN7

8A8:<47N7 HA 8>6P:9AB>E:J; EM<K:C; E6> B@7 67I3:G@ 89:<:3MG@H@ BN7 8:H:3@T>Q7.

( G7QH@ A=:<47N; BN7 D696EB@9>HB>EQ7 PM9B:C A9G6H?6; BN7 8:H:3@T>Q7 A?76> H@<6−

7B>EF G>6 B@7 A=>BCD?6 63G:9?L<N7 89:<:3MG@H@; 8:H:3@T>Q7 =:C =9:H=6L:J7 76 6C5FH:C7

B>; A=>8MHA>; B:C HCHBF<6B:;. '6 D696EB@9>HB>EI 6CBI 8A7 A569BQ7B6> 6=M B:C; D9M7:C;

=9:H43ACH@;, 633I =A9>36<KI7:C7 B>; =9:H=A3IHA>; =:C EI7:C7 :> 8:H:3@T?A; HB6 69−

DA?6 B@; KIH@;, B>; C=:3:G>HB>E4; 67IGEA; B@; 8:H:3@T?6;, E6> B: =3FL:; BN7 H@<A?N7

HCGD9:7>H<:J.

&B6 [YD92] E6> [YD94] =69:CH>IR:7B6> :> 8>6P:94; =:C C=I9D:C7 67I<AH6 HB>; B9A>;

69D>BAEB:7>E4; HJRAC5@; (coupling architectures) C=:3:G>HB>EQ7 EM<KN7 G>6 E6B67A<@<476

HCHBF<6B6A=A5A9G6H?6; 8:H:3@T>Q7, MB67D9@H><:=:>A?B6> :<68:=:?@H@<AKIH@HCGG47A>6

HA 8A8:<476 (affinity clustering) G>6 76 67B>HB6L<>HB:J7 :> 697@B>E4; A=>=BQHA>; HB@7 A=?8:H@

B:C HCHBF<6B:; 3MGN B@; E6B67A<@<47@; 69D>BAEB:7>EF; B:C.

': CLUE (=:C E6B6HEACIHB@EA HB6 =36?H>6 6CBF; B@; A9G6H?6;) A?76> 476 =A9>KI3−

3:7 :<68:=:?@H@; 8:H:3@T>Q7 (Clustering Environment) <A KIH@ B6 D696EB@9>HB>EI PM9B:C

A9G6H?6; =:C =69:CH>IR:C7. "7B3A? HB:>DA?6 6=M B: ?D7:; (trace) B@; AEB43AH@; BN7 8:H:−

3@T>Q7 HA 476 HJHB@<6 A=A5A9G6H?6; E6> B6 D9@H><:=:>A? G>6 76 E6B6HEACIHA> :<I8A; 6=M

8:H:3@T?A; <A 6C5@<47@ HCGG47A>6 8A8:<47N7 (=:C EI7:C7 8@368F =69M<:>A; =9:H=A3IHA>;

HB@ KIH@ 8A8:<47N7).



( K6H>EF >846 =?HN 6=M B: CLUE A?76> MB> HA <AGI3A; AP69<:G4;, @ GANG96P>EF E6>

:9G67NB>EF 8:<F <>6; AB6>9?6; 4DA> <AGI3@ A=?896H@ HB:7 B9M=: <A B:7 :=:?: 6=:L@EAJ:7B6>

E6> =9:H=A36J7:7B6> B6 8A8:<476. +I=:>:> D9FHBA; L6 D9@H><:=:>:J7 476 =A9>:9>H<47:

HJ7:3: 6=M BA9<6B>EI G>6 76 =9:H=A3IH:C7 EI=:>6 8A8:<476, EIB> B: :=:?: HDAB?RAB6> <A

B@7 E6L@<A9>7F B:C; A9G6H?6 E6> B:7 BM=: 8:C3A>I; (=.D. : B96=AR>EM; 3:G69>6H<M; =:C

HDAB?RAB6> <A B: C=:E6BIHB@<6 B@; B9I=AR6; =:C 8:C3AJA> : C=I33@3:;).

2>6 76 A?76> 6=:BA3AH<6B>EM; 476; D696EB@9>H<M; B:C PM9B:C A9G6H?6; A7M; HCHBF<6B:;

L6 =94=A> 6PA7M; 76 67B>HB:>DA? MH: B: 8C76BM7 =A9>HHMBA9: <A B@7 =96G<6B>EMB@B6 (8@368F

76 4DA> 69EABI E63I 6=:BA34H<6B6), E6> 6PAB49:C 76 4DA> <>E9M D9M7: AEB43AH@;, 6P:J :

M=:>:; D9M7:; AEB43AH@; B:C A9G63A?:C D696EB@9>H<:J HC<T@P?RAB6> BA3>EI <A B:7 D9M7:

AEB43AH@; HB: C=M =696E:3:JL@H@ HJHB@<6.

'6 =9:K3F<6B6 =:C =69:CH>IR:7B6> HB@7 =9:H4GG>H@ D696EB@9>H<:J B:C PM9B:C A9G6−

H?6; =:C 6E:3:CLA?B6> HB: CLUE , A?76> EC9?N; : <AGI3:; MGE:; 8A8:<47N7 E6> @ 8CHE:3?6

HB@7 65>:3MG@H@ BN7 6=:BA3AH<IBN7. * <AGI3:; MGE:; BN7 8A8:<47N7 (HC7FLN; 4D:C<A

8AEI8A; D>3>I8A; 8:H:3@T>Q7 E6> AE67B:7BI8A; D>3>I8A; 8A8:<47N7) A?76> 6=6G:9ACB>EM;

G>6 B@ D9FH@ G7NHBQ7 63G:9?L<N7 :<68:=:?@H@;, 6P:J :> D9M7:> AEB43AH@; A?76> =:3J

<AGI3:>. WBH> HDA8>IHB@EA 476; 6=3M; AC9@<6B>EM; 63GM9>L<:; ( HALC , 6=M B: Heuristic

Algorithm for Clustering) : :=:?:; 4DA> <>E9M D9M7: AEB43AH@; E6> 69EABI E63F =:>MB@B6

6=:BA3AH<IBN7. W76 8AJBA9: =9MK3@<6 <A B: <AGI3: MGE: BN7 8A8:<47N7 A?76> E6> :

6=6>B:J<A7:; DQ9:; 6=:LFEACH@;. * 6=6>B:J<A7:; DQ9:; A?76> 6=6G:9ACB>EI <AGI3:; G>6 76

DN94H:C7 M36 <6R? B6 8A8:<476 (G>6 B>; =9:H=A3IHA>; BN7 8:H:3@T>Q7) HB@7 EC9?N; <7F<@

B:C C=:3:G>HBF, :=MBA D9A>IRAB6> <>6 >8>6?BA9@ C3:=:?@H@ E6> G>6 6CBM.

( 65>:3MG@H@ BN7 6=:BA3AH<IBN7 B:C CLUE FB67 476 6EM<6 =9MK3@<6, 6P:J 8A7

C=I9DA> <>6 6=:8A8A>G<47@ K43B>HB@ 8>6<49>H@ B:C HC7M3:C BN7 8:H:3@T>Q7 HA :<I8A; <A

=69M<:>6 D696EB@9>HB>EI PM9B:C A9G6H?6;. OJ: FB67 :> 3JHA>; =:C 8ML@E67:

( C3:=:?@H@ A7M; A9G63A?:C G>6 1(0(#,#2 !"%3&-'45% 1(0()&'#+6-,%.

': TSG (6=M B: Test Suite Generator), B: :=:?: E6B6HEACIHB@EA HB6 =36?H>6 B@;

A9G6H?6; 6CBF;, D9@H><:=:>A?B6> G>6 76 8@<>:C9G@L:J7 =6968A?G<6B6 HB6 :=:?6 :>

E3IHA>; BN7 8:H:3@T>Q7 C=I9D:C7 E6> A?76> AC8>IE9>BA; G>6 B:7 I7L9N=:, :=MBA A?76>

G7NHBM AE BN7 =9:B49N7 =:>6 L6 =94=A> 76 A?76> B6 6=:BA34H<6B6 B:C CLUE , QHBA 76

<=:9A? 76 G?7A> @ A=63FLACH@.

( HDA8?6H@ E6> @ C3:=:?@H@ <>6; HC7I9B@H@; EMHB:C; G>6 B@7 BA3>EF :<68:=:?@H@

BN7 8:H:3@T>Q7 =:C =69IGA> B: CLUE , QHBA 76 <=:94HA> 76 G?7A> 65>:3MG@H@ BN7

6=:BA3AH<IBN7 G>6 =96G<6B>EI 8A8:<476.



( K6H>EF P>3:H:P?6 =:C 8>4=A> B@7 C3:=:?@H@ B:C CLUE A?76> 76 <=:9A? 76 D9@H><:−

=:>@LA? B: ?8>: =A9>KI33:7 <A A3ID>HBA; A78AD:<47N; 6336G4; E6> 6=M I33:C; 63GM9>L<:C;.

&B6 =36?H>6 6CBF; B@; A9G6H?6; 8:E><IHB@E67 I33:> 8J: 63GM9>L<:> AEBM; 6=M B:7 HALC

( : Bond Energy Algorithm [MSW72], E6> : ISODATA [VR92]) :> :=:?:> A7HN<6BQL@E67 <A

A=>BCD?6 HB: CLUE E6> <=M9AH67 4BH> 76 G?7:C7 HCGE9>B>E4; <A34BA;.

$=A>8F @ A9G6H?6 6=6>B:JHA B@ 8>A56GNGF =:33Q7 =A>96<IBN7, 676=BJDL@EA <>6 6=3F

G3QHH6 =A9>G96PF; =A>96<IBN7 G>6 B: CLUE . )A B@ G3QHH6 6CBF C=I9DA> @ 8C76BMB@B6

6336GF; M3N7 BN7 =696<4B9N7 B:C =9:G9I<<6B:; E6> B:C AEIHB:BA 63G:9?L<:C, E6LQ;

E6> @ A=>3:GF B:C A?8:C; E6> B@; =:HMB@B6; BN7 K:@L@B>EQ7 <@7C<IBN7 =:C A<P67?RA> B:

=9MG96<<6. )A B:7 B9M=: 6CBM, 6PA7M; 6=:PAJGAB6> @ A=>=34:7 <ABIP96H@ B:C EQ8>E6

B:C =9:G9I<<6B:; EILA P:9I =:C D9A>IRAB6> 76 6336DLA? <>6 =69I<AB9:; E6> 6PAB49:C

BAE<@9>Q7AB6> B: EILA =A?96<6, 6P:J M3A; :> =69I<AB9:> =:C D9@H><:=:>FL@E67 C=I9D:C7

HA 476 5ADN9>HBM 69DA?:.

': CLUE <=:9A? 76 D9@H><:=:>@LA? 6=M <AGI3A; AB6>9A?A; G>6 B:7 D696EB@9>H<M B:C

PM9B:C A9G6H?6; BN7 HCHB@<IBN7 online A=A5A9G6H?6; 8:H:3@T>Q7 <A HE:=M B@7 6J5@H@

B@; A=?8:HF; BN7 HCHB@<IBN7. )=:9A? 76 D9@H><:=:>@LA? E6> N; A9G63A?: E6BI B@ PIH@

HDA8>6H<:J E6B67A<@<47N7 KIHAN7 8A8:<47N7, M=:C <=:9A? 76 K:@LFHA> HB@7 8>6<49>H@

B@; KIH@; HJ<PN76 <A B@ HCGG47A>6 8A8:<47N7 BN7 8>6PM9N7 :<I8N7 8:H:3@T>Q7. 1=I9DA>

A=:<47N; 69EABI <AGI3@ =>L67MB@B6 76 A5A3>DLA? HA A<=:9>EM =9:[M7.

WDA> AEP96HBA? =9:; B: =69M7 47B:7: A78>6P49:7 6=M B:C; AB6?9:C; HB: project LYDIA1

G>6 B@7 65>:3MG@H@ BN7 6=:BA3AH<IBN7. 1=I9DA> M<N; @ AEB?<@H@ MB> <M3>; BA3A>QHA> @

PIH@ B@; 65>:3MG@H@; L6 69D?HA> 76 C=I9DA> A7B:7MBA9: A78>6P49:7.

&B: A=M<A7: EAPI36>: C=I9DA> <>6 69EABI AEBAB6<47@ A>H6GNGF E6> A=>HEM=@H@ B@;

HDAB>EF; K>K3>:G96P?6; HB>; B9A>; =A9>:D4; BN7 :=:?N7 I=BAB6> @ A9G6H?6, E6LQ; A=?H@; E6>

A=>HEM=@H@ B@; K>K3>:G96P?6; G>6 B@7 A>8>EMBA9@ =A9>:DF B@; :<68:=:?@H@; B:C PM9B:C

A9G6H?6;. &B: 3: EAPI36>:, G?7AB6> <>6 6763CB>EF =A9>G96PF BMH: B:C =A9>KI33:7B:;

:<68:=:?@H@; ( CLUE ) MH: E6> B:C AC9@<6B>E:J 63G:9?L<:C =:C 676=BJDL@EA ( HALC ).

': 4: EAPI36>: A?76> 6P>A9N<47: HB@7 =69:CH?6H@ BN7 =A>96<IBN7 E6> BN7 <ALM8N7 G>6

B@7 65>:3MG@H@ BN7 6=:BA3AH<IBN7. ': BA3ACB6?: EAPI36>: =A9>4DA> B6 HC<=A9IH<6B6 E6>

B>; <A33:7B>E4; E6BACLJ7HA>; B@; A9G6H?6; 6CBF;. $=>=34:7, C=I9DA> A33@7:6GG3>EM E6>

6GG3:A33@7>EM AC9ABF9>: M9N7 G>6 76 8>ACE:3C7LA? @ 67IG7NH@ B:C BAD7>E:J EA><47:C HB6

A33@7>EI. '43:;, B6 B9?6 =6969BF<6B6 =A9>4D:C7 =6968A?G<6B6 6=M B@ <:9PF BN7 69DA?N7

G>6 B6 8>IP:96 A9G63A?6 =:C 4D:C7 PB>6DLA?.

1': project LYDIA A?76> B: ESPRIT III Basic Research Action Project 8144, <A B?B3: ‘‘Load Balancing on
High Performance Parallel and Distributed Systems’’, <A A=>HB@<:7>EM C=AJLC7: B:7 O9. -9FHB: #>E:3I:C,
(nikolau@ics.forth.gr) E6> A?76> @ =@GF D9@<6B:8MB@H@; G>6 B: CLUE .



?3940(&$ 2

>5&.'-,$*&8+ C5+D(#6$

H A9G6H?6 I=BAB6> B9>Q7 8>6P:9AB>EQ7 =A9>:DQ7: $=A5A9G6H?6 O:H:3@T>Q7 (Transaction

Processing), -696EB@9>H<M; VM9B:C $9G6H?6; (Workload Characterization), *<68:=:?@H@

(Clustering). &B>; A=M<A7A; =696G9IP:C; =69:CH>IR:7B6> A7 HC7B:<?6 :> B9A>; 6CB4; =A9>:D4;

E6> A=>=34:7 HA EILA =A9>:DF G?7AB6> 676P:9I HA 8@<:H>AJHA>; HDAB>E4; <A B: L4<6 B@;

A9G6H?6; 6CBF;.

2.1 >53)36;(.<( K$.$0-1&2*

2.1.1 L %$.$0-1<(

( 477:>6 B@; 8:H:3@T?6; (transaction) C=I9DA> 6=M =:3J =63>I EC9?N; N; @ 6=:BJ=NH@ <>6;

<A<:7N<47@; A<=:9>EF; HC76336GF;, <I3>HB6 8A, @ =96EB>EF 6CBF 8>6B@9A?B6> 6EM<6 E6>

HF<A96. 2>6 =69I8A>G<6, HB6 K>K3?6 AHM8N7/A5M8N7 =:C B@9:J7 :> A=>DA>9FHA>;, @ EILA

G96<<F 67B>HB:>DA? HA <>6 <M7: =9I5@, <>6 <M7: 8:H:3@T?6 <AB65J B:C A=>DA>9@<6B?6 E6>

EI=:>:C I33:C. )A B:7 B9M=: 6CBM, G>6 76 C=:3:G?HA> 476; A=>DA>9@<6B?6; B: C=M3:>=:

=:C 4DA> HA D9F<6B6, L6 =94=A> 76 EI7A> 4767 '!*7*#'!+., 76 AP69<MHA> 8@368F M3A; B>;

8:H:3@T?A; HB@7 69D>EF E6BIHB6H@ B:C HCHBF<6B:; (8@368F HB: =9:@G:J<A7: C=M3:>=:)

E6> 76 K9A> B@ 746 E6BIHB6H@ (8@368F B: E6>7:J9>: C=M3:>=:).

( 8:H:3@T?6 HB>; KIHA>; 8A8:<47N7 8A7 A?76> B?=:B6 I33: 6=M <>6 6P6?9AH@ (abstraction)

G>6 B:7 <AB6HD@<6B>H<M 6=M <>6 8:H<47@ E6BIHB6H@ B@; KIH@; 8A8:<47N7 HA <>6 I33@. (

D9FH@ B@; 8:H:3@T?6; HB>; KIHA>; 8A8:<47N7 E6B43@5A 76 A?76> 676GE6?6 G>6B? D9@H><:−

=:>A?B6> N; @ K6H>EF <:7I86 HC7A=:J; E6> 65>M=>HB:C C=:3:G>H<:J.

!69M3: =:C @ 477:>6 B@; 8:H:3@T?6; A?76> 69EABI G7NHBF E6> HDAB>EI 6=3F, @ C3:=:?@HF

B@; HA EI=:>: HJHB@<6 A=A5A9G6H?6; 8:H:3@T>Q7 8A7 A?76> BAB9><<47@, 6P:J L6 =94=A>

(G>6 B@7 HNHBF 3A>B:C9G?6 B:C HCHBF<6B:; E6> B@7 :9LMB@B6 B@; KIH@; 8A8:<47N7) 76

5



8>6HP63?R:7B6> :> A5F; >8>MB@BA;:

G'$,&8+'-'( (Atomicity): \3A; :> 6336G4; E6BIHB6H@; =:C =9:E63A? @ 8:H:3@T?6

=94=A> 76 A?76> 6B:<>E4;, 8@368F A?BA HC<K6?7:C7 M3A; A?BA E6<?6 6=:3JBN;.

A:*"53&( (Consistency): ( 8:H:3@T?6 =94=A> 76 A?76> <>6 HNHBF "=9I5@" =I7N HB@

KIH@ 8A8:<47N7, 76 <@7 =696K>IRA> 8@368F B:C; =A9>:9>H<:J; 6EA96>MB@B6; =:C

A78AD:<47N; C=I9D:C7.

G5$,+*@.- (Isolation F Serializability): !69M3: =:C A?76> 8C76BM7 76 AEBA3:J7B6> 8J: F

=A9>HHMBA9A; 8>A9G6H?A; B6CBMD9:76, L6 =94=A> 76 C=I9DA> <>6 H6PF; HA>9I AEB43AH@;.

/6 =94=A> 8@368F G>6 <>6 8:H:3@T?6 =:C AEBA3A?B6> B6CBMD9:76 <A EI=:>A; I33A;,

76 A<P67?R:7B6> :> I33A; 8:H:3@T?A; MB> AEBA3:J7B6> A?BA =9>7, A?BA <ABI B@7 , 633I

=:B4 <6R?.

!$*&,+'-'( (Durability F Persistency): \B67 <>6 8:H:3@T?6 BA3A>QHA> A=>BCDQ; (EI7A>

8@368F commit), BMBA :> 6336G4; =:C 4DA> =9:E634HA> HB@ KIH@ 8A8:<47N7 L6 =94=A>

76 A=>K>QH:C7 HA :=:>68F=:BA K3IK@ B:C HCHBF<6B:;.

*> K6H>E4; 6CB4; >8>MB@BA; 4D:C7 G?7A> G7NHB4; HB@ K>K3>:G96P?6 <A B: M7:<6 ACID

')'.-8-&9 (ACID properties), 6=M B6 69D>EI BN7 :7:<IBN7 BN7 >8>:BFBN7.

': E36HH>EM =69I8A>G<6 8:H:3@T?6; (=:C D9@H><:=:>A?B6> E6> H67 benchmark [Gra93])

A?76> @ =A9?=BNH@ B@; )*!*78:;(9 /0$,!89/1;!-,!89 (Debit/Credit Transaction), M=:C 476

D9@<6B>EM =:HM 6P6>9A?B6> 6=M 4767 B96=AR>EM 3:G69>6H<M E6> =9:HB?LAB6> HA 4767 I33:.

&B: =69I8A>G<6 6CBM, G>6 76 A56HP63?RAB6> @ 6B:<>EMB@B6 <>6; 8:H:3@T?6;, L6 =94=A>

A?BA 76 G?7:C7 E6> :> 8J: =9I5A>; B6CBMD9:76 A?BA E6<?6 6=M B>; 8J:, A7Q G>6 76 C=I9DA>

HC74=A>6 L6 =94=A> 76 <@7 G?7AB6> D94NH@ HA 3:G69>6H<M <A <@8A7>EM C=M3:>=:. $=>=34:7,

G>6 76 C=I9DA> 6=:<M7NH@, 8A7 L6 =94=A> @ :=:>68F=:BA 8:H:3@T?6 D94NH@;/=?HBNH@; 76

<=:9A? 76 8>6E9?7A> MB> A78AD:<47N; EI=:>6 I33@ AP69<:GF 8>6KIRA> F G9IPA> HB:7 ?8>:

B96=AR>EM 3:G69>6H<M, A7Q G>6 76 76 A56HP63?RAB6> <:7><MB@B6, L6 =94=A> MB67 <AB6PA9L:J7

D9F<6B6 6=M 476 3:G69>6H<M HA 4767 I33:, BMBA, =69M3: =:C B: HJHB@<6 <=:9A? 76 =ILA>

EI=:>6 K3IK@, @ <AB6K?K6H@ 6CBF BN7 D9@<IBN7 L6 =94=A> 76 C=I9DA> E6> 6P:J A=>HEAC6HBA?

E6> 56763A>B:C9GFHA> B: HJHB@<6.

)?6 8:H:3@T?6 HC7FLN; 6=:BA3A?B6> 6=M <>6 6E:3:CL?6 676G7QHAN7 E6> A7@<A9QHAN7

=:C G?7:7B6> HA HB:>DA?6 B@; KIH@; 8A8:<47N7, <6R? <A EI=:>6 A=>=34:7 KF<6B6 C=:3:G>H<Q7.

$=>=34:7, B: =9MG96<<6 B@; 8:H:3@T?6; L6 =94=A> 76 69D?RA> E6> 76 BA3A>Q7A> <A EI=:>A;

A>8>E4; 345A>;−E3A>8>I (HC7FLN; <A BeginTransactionE6> EndTransaction) :JBN; QHBA

76 <=:94H:C7 76 C3:=:>@L:J7 :> ACID >8>MB@BA;.



OA8:<47:C MB> <>6 8:H:3@T?6 L6 =94=A> 76 A56HP63?RA> B@7 6B:<>EMB@B6, : BA9<6B>H<M;

<>6; 8:H:3@T?6; <=:9A? 76 A?76>:

A?BA 35&':7B/, :=MBA @ 8:H:3@T?6 EI7A> commit E6> :> 6336G4; HB@ KIH@ 8A8:<47N7

A?76> =34:7 <M7><A;,

A?BA (*35&':7B/, :=MBA @ 8:H:3@T?6 EI7A> abort 8>6EM=B:7B6; B@7 AEB43AHF B@;

E6> 4=A>B6 G?7AB6> rollback G>6 76 676>9AL:J7 :> M=:>A; 6336G4; 4G>767 HB@ KIH@

8A8:<47N7.

2.1.2 A:.'B,('( >53)36;(.<(/ K$.$0-1&2*

W76 <=!-8+( >1&?&0#(!;(9 @*!*78:'5% (Transaction Processing System) =694DA> A9G63A?6 G>6

76 8>ACE:3J7A> F 76 6CB:<6B:=:>FHA> B:7 =9:G96<<6B>H<M, B@7 AEB43AH@ E6> B@ 8>6DA?9>H@

AP69<:GQ7. *> AP69<:G4; A=A5A9G6H?6; 8:H:3@T>Q7 HC7FLN; C=:HB@9?R:C7 476 8?EBC: 6=M

HCHEAC4; =:C C=:KI33:C7 A9NBFHA>; E6> EI7:C7 A7@<A9QHA>; HB>; AP69<:G4;. X6H>RM<A7A;

HA 6CBI B6 8A8:<476 :> AP69<:G4; 8>6B@9:J7 <>6 KIH@ 8A8:<47N7 =:C 676=69>HBI EI=:>6

E6BIHB6H@ 6=M B:7 =96G<6B>EM EMH<:. *> 6=67BFHA>; =:C 8?7:C7 :> AP69<:G4; E6L:8@G:J7

HCHEAC4; A7A9G:=:?@H@; E6> A=>=34:7 633IR:C7 F A34GD:C7 B@7 E6BIHB6H@. *> AP69<:G4;,

:> KIHA>; 8A8:<47N7 E6> B6 8?EBC6 A5A3?HH:7B6> G>6 =:334; 8AE6AB?A; BQ96. )I3>HB6, B6

HCHBF<6B6 E6B63FG:C7 76 A?76> M3: E6> =A9>HHMBA9: GANG96P>EI E6B67A<@<476, ABA9:GA7F

(8@368F =A9>36<KI7:C7 A5:=3>H<M E6> =9:G9I<<6B6 6=M =:33:J; E6B6HEAC6HB4;), HC7ADQ;

8>6L4H><6 (8@368F 8A7 C=I9DA> =9:G96<<6B>H<47:; D9M7:; =6JH@; B@; 3A>B:C9G?6; BN7

HCHB@<IBN7), E6> 4D:C7 6CHB@94; D9:7>E4; =9:LAH<?A; 6=ME9>H@; ([GR93]).

2>6 76 A56HP63>HB:J7 :> ACID >8>MB@BA; HB>; 8:H:3@T?A; =:C A=A5A9GIRAB6> 476 &$O

D9@H><:=:>:J7B6>:

43AGD:; HC789:<>EMB@B6; (Concurrency Control), HC7FLN; <4HN E3A>8Q<6B:; (locking),

G>6 76 A56HP63>HBA? @ 6=:<M7NH@ BN7 8:H:3@T>Q7, E6>

<@D67>H<:? A=676P:9I; (Recovery), HC7FLN; logging, G>6 76 A56HP63>HBA? @ <:7><MB@B6

E6> @ 6B:<>EMB@B6 BN7 8:H:3@T>Q7, 6P:J M3A; :> 6336G4; G9IP:7B6> HA EI=:>: 8?HE:

E6> 4BH> <=:9:J7 76 8>6B@9@L:J7 633I E6> 76 676>9AL:J7 (HB@7 =A9?=BNH@ =:C <>6

8:H:3@T?6 BA9<6B?RA> 67A=>BCDQ;)

Transaction Monitors

': K6H>EMBA9: HCHB6B>EM A7M; &JHB@<6B:; $=A5A9G6H?6; O:H:3@T>Q7 A?76> B: Transaction

Monitor B: :=:?: HC7B:7?RA> B@7 9:F BN7 8:H:3@T>Q7 <AB65J BA9<6B>EQ7, I33N7 HCHEACQ7



E6> =9:G96<<IBN7 AP69<:GQ7 =:C <=:9:J7 76 A5C=@9ABFH:C7 B>; 8:H:3@T?A;. "PA7M;,

8@368F, 6=:BA3A? 476 A?8:; HC7AEB>E:J HC784H<:C <AB65J M3N7 6CBQ7 BN7 ABA9ME3@BN7

HB:>DA?N7 E6> 6PAB49:C 8?7A> 476 GA7>EM interface E9JK:7B6; B>; A=><49:C; 3A=B:<49A>A;

([Ber90]).

Message Manager (MM)

Request Control (RC)

Application Server (AS)

Database System (DBMS)Database

&DF<6 2.1: "9D>BAEB:7>EF $P69<:GQ7 $=A5A9G6H?6; O:H:3@T>Q7

2>6 76 <=:94HA> 76 4DA> B4B:>6 HC<=A9>P:9I, B: Transaction Monitor A=>KI33A> <>6

HCGEAE9><47@ 8:<F HB>; AP69<:G4; A=A5A9G6H?6; 8:H:3@T>Q7 =:C E63A?B6> 76 A5C=@9ABFHA>.

WBH>, @ <AGI3@ =3A>:T@P?6 BN7 AP69<:GQ7 A?76> E6BI33@36 8:<@<47A; QHBA 76 A=>BA3:J7

B>; 6EM3:CLA; 3A>B:C9G?A;:

1. "33@3A=?896H@ <A B: BA9<6B>EM, QHBA 76 HC33ADLA? @ A?H:8:;.

2. )AB6B9:=F B@; A>HM8:C HB@7 BC=:=:>@<47@ <:9PF 6>BFHAN7 (requests).

3. W7695@ B@; 8:H:3@T?6;.

4. $56E9?KNH@ B:C BJ=:C B@; 8:H:3@T?6;.

5. $EB43AH@ B:C 67B?HB:>D:C =9:G9I<<6B:; AP69<:GF;.

6. $=>BCDF; BA9<6B>H<M; B@; 8:H:3@T?6;.

7. "=:HB:3F BN7 6=:BA3AH<IBN7 HB: BA9<6B>EM.



*> 3A>B:C9G?A; 6CB4; :<68:=:>:J7B6> HB>; 6EM3:CLA; HC7>HBQHA; (HDF<6 2.1).:

B:7 Message Manager (MM) =:C A=>BA3A? B6 KF<6B6 (1), (2) E6> (7),

B:7 Request Control (RC) =:C A=>BA3A? B6 KF<6B6 (3), (4) E6> (6), E6>

B:7 Application Server (AS) =:C A=>BA3A? B: KF<6 (5) HA HC7A9G6H?6 <A B: (F B6) DBMS.

2.1.3 ?('(*3,-,"*- >53)36;(.<( K$.$0-1&2*

*> :3:476 6C567M<A7A; 6=6>BFHA>; HA B6DJB@B6 A=A5A9G6H?6; 8:H:3@T>Q7 E6> PM9B: A9−

G6H?6;, HA HC78C6H<M <A B6 8?EBC6 CT@3Q7 B6DCBFBN7 E6> B@7 67I=BC5@ BN7 =69I33@3N7

C=:3:G>HBQ7, 4D:C7 :8@GFHA> HB@ 8@<>:C9G?6 BN7 E6B67A<@<47N7 KIHAN7 8A8:<47N7 M=:C

@ A=A5A9G6H?6 BN7 8:H:3@T>Q7 G?7AB6> E6B67A<@<476.

'6 HJD9:76 HCHBF<6B6 A?76> HB@7 =96G<6B>EMB@B6 HCHBF<6B6 KIHAN7 8A8:<47N7 E6>

A=>E:>7N7>Q7 (Database / Data Communications Systems F G>6 HC7B:<?6 DB/DC), 6P:J AEBM;

6=M B>; 3A>B:C9G?A; =:C 4D:C7 I<AH@ HD4H@ <A B@ 8>6DA?9>H@ B@; KIH@; 8A8:<47N7, =694D:C7

E6> B@8C76BMB@B6A=>E:>7N7?6; E6>HC7B:7>H<:J<AB65J BN78>6PM9N7C=:3:G>HB>EQ7EM<KN7,

M<N;, HA M3A; B>; =A9>=BQHA>;, @ =9MHK6H@ HB6 8>IP:96 B<F<6B6 B@; KIH@; 8A8:<47N7 A?76>

8>IP67@ (transparent) HB:7 =9:G96<<6B>HBF/D9FHB@.

': <:?96H<6 8A8:<47N7 E6> AP69<:GQ7 HA 476 8?EBC: C=:3:GHB>EQ7 EM<KN7 4DA> =:33I

=3A:7AEBF<6B6 ([OV91]):

':=>EF ("-*%*+;(, 6P:J B6 8A8:<476 A?76> <:>96H<476 E6> <=:9A? 4BH> <>6 :<I86

D9@HBQ7 76 4DA> B6 8A8:<476 =:C D9@H><:=:>A? HCD7I HB6 8>EI B@; <@D67F<6B6. +IB>

B4B:>: A?76> >8>6?BA96 D9FH><: HA :9G67>H<:J; <A 6=:EA7B9N<47@ 8:<F.

"C5@<47@ &1;)*!8, G>6B? 6PA7M; <A B@7 E6B67:<F BN7 8A8:<47N7 <A>Q7AB6> @ HC<PM9@H@

3MGN %/*, E6> 6PAB49:C <A B@7 D9FH@ =:33Q7 C=:3:G>HB>EQ7 EM<KN7 C=I9DA> 69EABF

=69633@3?6 E6> I96 <A>Q7AB6> E6> @ HC<PM9@H@ HB@ CPU.

"C5@<47@ (?'*1'!-;( / )'(3&!'+.-8-(, A=A>8F B6 8A8:<476 <=:9:J7 76 K9?HE:7B6> (3MGN

67B>G96PF;) HA =:33I 8>6P:9AB>EI H@<A?6 HB: HJHB@<6, E6> 4BH>, 6EM<6 E6> 67 EI=:>:>

EM<K:> =69:CH>IH:C7 K3IK@, B: C=M3:>=: HJHB@<6 L6 HC7AD?HA> 76 3A>B:C9GA? E6> <A

<AGI3@ =>L67MB@B6 L6 <=:9:J7 76 A7B:=>HB:J7 M36 B6 8A8:<476.

A'4*%*+;( HA EMHB:; A=>E:>7N7?6; (>8>6?BA96 67 <>3I<A G>6 GANG96P>EI E6B67A<@<47A;

KIHA>; 8A8:<47N7, M=:C <=:9:J<A 76 <:>9IH:C<A B6 8A8:<476 E6BI33@36 E6> 76

EI7:C<A B@7 M=:>6 A=A5A9G6H?6 B:=>EI), 633I E6> HB: E6B6HEAC6HB>EM EMHB:; (6P:J

B: HJHB@<6 <=:9A? =>6 76 PB>6DLA? <A PB@7MBA96 E:<<IB>6 E6> 76 4DA> B@7 ?8>6 =A9?=:C

>HDJ MH: 476 <AGI3: HJHB@<6 <A 4767 C=:3:G>HBF).



)AGI3@ &1&4-(!'+.-8-( 6P:J 476 E6B67A<@<47: =A9>KI33:7 <=:9A? =>: AJE:36 76

67B6=:E9>LA? HA 6336G4; B:C <AG4L:C; B@; KIH@; 8A8:<47N7 (=D 6=3I =9:HL4B:7B6;

A=A5A9G6HB4; E6> <:7I8A; 6=:LFEACH@; HB: C=I9D:7 HJHB@<6).

$CE:3?6 HB@7 4*'%2 10.!B(!8 8A8:<47N7 <AB65J 8>6P:9AB>EQ7 HCHB@<IBN7.

\<N; C=I9D:C7 E6> 69EABI<A>:7AEBF<6B6HB>; E6B67A<@<47A; KIHA>; 8A8:<47N7 ([OV91]):

( $77&':8 &+1&'0;(9 =:C C=I9DA> HA B4B:>6 HCHBF<6B6, 6P:J B6 HCHBF<6B6 =:C C=I9D:C7

HF<A96 A?BA A?76> 8:E><6HB>EI, A?BA 4D:C7 PB>6DLA? G>6 HCGEAE9><47A; E6B@G:9?A;

AP69<:GQ7, :=MBA 8A7 C=I9DA> 8:E><6H<47@ 3JH@ G>6 GA7>E4; AP69<:G4;.

( <AGI3@ 1*7"17*4.-8-( =:C 8>6E9?7A> B6 HCHBF<6B6 6CBI, HA 67B?LAH@ <A B6 =6968:−

H>6EI EA7B9>E:=:>@<476 HCHBF<6B6.

': A=>=34:7 4.!-*9 =:C 4D:C7 B6 E6B67A<@<476 HCHBF<6B6 G>6 B@7 6G:9I A=>E:>7N−

7>6E:J A5:=3>H<:J.

OCHE:3?6 HB:7 4(-(+&0'!+. &7$#/*" =:C C=I9DA> 6P:J 6=6>BA?B6> <AB65J BN7 EM<KN7 B:C

HCHBF<6B:; HC7B:7>H<M; E6> 6EM<6 6E9>KF; HCGD9:7>H<M; G>6 EI=:>A; =A9>=BQHA>;.

!9:K3F<6B6 (!C67&'(9 A=A>8F HA 67B?LAH@ <A B6 =6968:H>6EI EA7B9>E:=:>@<476 HC−

HBF<6B6, : 43AGD:; 8A7 <=:9A? 76 G?7A> HA 476 <M7: H@<A?:, E6> A=>=34:7 C=I9D:C7 B6

G7NHBI =9:K3F<6B6 B@; 6HPI3A>6; BN7 8>EBJN7 C=:3:G>HBQ7.

@"!4*7;( #'( 4(3*7'42 (77(#2 BN7 HCHB@<IBN7 BN7 =A9>HHMBA9N7 AB6>9>Q7, :> :=:?A;

4D:C7 A=A78JHA> BA9IHB>6 D9@<6B>EI =:HI HB6 =6968:H>6EI HCHBF<6B6.

*> =69I33@3A; KIHA>; 8A8:<47N7, <>6 A76336EB>EF =9:H4GG>H@ HB: =9MK3@<6 B@; 6C56−

7M<A7@; RFB@H@; G>6 <AGI3A; B6DJB@BA; A=A5A9G6H?6; 8:H:3@T>Q7 E6> 8>6DA?9>H@ <AGI3:C

PM9B:C A9G6H?6;, 4D:C7 =:33I E:>7I H@<A?6 <A B>; E6B67A<@<47A; KIHA>; 8A8:<47N7. (

K6H>EF 8>6P:9I B:C; A?76> : K6L<M; B@; HJRAC5@; (coupling) BN7 8>6PM9N7 C=:3:G>HB>EQ7

EM<KN7 6=M B:C; :=:?:C; 6=:BA3:J7B6>: HB@7 =A9?=BNH@ BN7 =69I33@3N7 KIHAN7 8A8:<47N7

:> EM<K:> K9?HE:7B6> HDAB>EI E:7BI (A78AD:<47N; HB:7 ?8>: C=:3:G>HBF), A7Q HB>; E6B67A−

<@<47A; KIHA>; 8A8:<47N7 :> EM<K:> <=:9A? 76 A?76> BA3A?N; 6=:<6E9CH<47:> GANG96P>EI.

( 3JH@ =:C =9:BA?7AB6> <A B>; =69I33@3A; KIHA>; 8A8:<47N7 HC7:T?RAB6> HB@7 =6−

96BF9@H@ MB> <=:9A? E67A?; 76 6C5FHA> B: AJ9:; <AB6GNGF; 8A8:<47N7 (I/O Bandwidth)

<4HN =69633@3>H<:J, M<N; 8CHBCDQ; C=I9D:C7 =:33I =9:K3F<6B6 6EM<6 G>6 76 <=:9:J7 76

D9@H><:=:>@L:J7 HA <AGI3@ 4EB6H@ ([Val93]).



2.1.4 G67&'38'$*&8"/ .FM3:)-/ :5$0$;&.'&82* 8+,D@*

* B9M=:; <A B:7 :=:?: HC784:7B6> :> 8>IP:9:> C=:3:G>HB>E:? EM<K:> G>6 76 6=:BA34H:C7

476 HJHB@<6 +6B67A<@<47@; $=A5A9G6H?6; O:H:3@T>Q7 8A7 A?76> <:768>EM;. 1=I9D:C7

4 8>6P:9AB>E4; K6H>E4; 69D>BAEB:7>E4; HJRAC5@; C=:3:G>HB>EQ7 EM<KN7 (Processing Nodes

Coupling Architectures): @ 69D>BAEB:7>EF Shared Disk, @ 69D>BAEB:7>EF Shared Intermediate

Memory, @ 69D>BAEB:7>EF Shared Everything E6> @ 69D>BAEB:7>EF Shared Nothing ([YD94]).

DB DB DB

High Speed Network

Node 1

Processors

Private
Buffer

Processors

Private
Buffer

Node N

&DF<6 2.2: "9D>BAEB:7>EF Shared Disk

L (67&'38'$*&8B Shared Disk (SD)

&A 6CBF B@7 69D>BAEB:7>EF (HDF<6 2.2), : EILA C=:3:G>HB>EM; EM<K:; B94DA> B: 8>EM B:C

67A5I9B@B: 3A>B:C9G>EM HJHB@<6 E6> 6=3I M3:> :> EM<K:> B:C HCHBF<6B:; 4D:C7 I<AH@

=9MHK6H@ HA :3ME3@9@ B@ KIH@ 8A8:<47N7 (8@368F <:>9IR:7B6> B:C; 8?HE:C; HB:C; :=:?:C;

K9?HEAB6> 6=:L@EAC<47@ @ KIH@ 8A8:<47N7). 2>6 76 E6L:9?RAB6> <>6 HA>9I AEB43AH@; BN7

8:H:3@T>Q7 C=I9DA> 476; E6L:3>EM; <@D67>H<M; A34GD:C HC789:<>EMB@B6;, : :=:?:; <=:9A?

76 C3:=:>@LA? A?BA EA7B9>EI A?BA E6B67A<@<476.

* EILA EM<K:; 4DA> 4767 >8>NB>EM A7B6<>ACBF (buffer) HB:7 :=:?: 6=:L@EAJ:7B6> B6

B<F<6B6 B@; KIH@; =:C 4DA> =9:H=A3IHA> BA3ACB6?6 : EM<K:;. \B67 G?7A> EI=:>6 A7@<49NH@

HA EI=:>: B<F<6 B@; KIH@; =:C K9?HEAB6> HB:7 >8>NB>EM A7B6<>ACBF A7M; EM<K:C, BMBA B6

67B?G96P6 B:C ?8>:C B<F<6B:; B@; KIH@; 8A8:<47N7 =:C K9?HE:7B6> HA >8>NB>E:J; A7B6<>ACB4;



I33N7 EM<KN7 6EC9Q7:7B6> (invalidated), A7Q =69I33@36 A7@<A9Q7AB6> E6> : 8?HE:; HB:7

:=:?: K9?HEAB6> 6=:L@EAC<47: 6CBM B: B<F<6 B@; KIH@;.

Node 1

Processors

Private
Buffer

Private
Buffer

Buffer
Shared

DB

Node N

DB DB

High Speed Network

Processors

&DF<6 2.3: "9D>BAEB:7>EF Shared Intermediate Memory

L (67&'38'$*&8B Shared Intermediate Memory (SIM)

"CBF@69D>BAEB:7>EF (HDF<62.3) K6H?RAB6> HB@7 69D>BAEB:7>EFShared Disk <A B@7 =9:HLFE@

A7M; A78>I<AH:C A=>=48:C <7F<@; =:C 896 N; 476; E6L:3>EM; E:>7MD9@HB:; A7B6<>ACBF;

(global shared buffer).

WBH>, HB@7 =A9?=BNH@ =:C EI=:>:; C=:3:G>HB>EM; EM<K:; 6=:BJDA> 76 K9A> 476 B<F<6

B@; KIH@; HB:7 >8>NB>EM B:C A7B6<>ACBF, L6 TI5A> E6BM=>7 HB:7 E6L:3>EM E:>7MD9@HB:

A7B6<>ACBF E6> <ABI L6 TI5A> HA EI=:>: 8?HE:, A7Q E6> HB>; 8J: =A9>=BQHA>; B: B<F<6 B@;

KIH@; 8A8:<47N7 =:C K94L@EA L6 67B>G96PA? HB:7 >8>NB>EM A7B6<>ACBF B:C EM<K:C.

': =3A:74EB@<6 6CBF; B@; 69D>BAEB:7>EF; A?76> MB> <=:9A? 76 <A>QHA> B>; 8CHI9AHBA;

HC74=A>A; B@; 6EJ9NH@;, 6P:J M36 B6 6EC9N<476 B<F<6B6 B@; KIH@; E6B63FG:C7 HB:7

E6L:3>EM A7B6<>ACBF. '43:;, <=:9A? E67A?; 76 =696B@9FHA> MB> C=I9DA> 6763:G?6 <A B6

HCHBF<6B6 client−server, M=:C : A7B6<>ACBF; B:C server =6?RA> 67I3:G: 9M3: <A B:7 E6L:3>EM

E:>7MD9@HB: A7B6<>ACBF B@; 69D>BAEB:7>EF; SIM.



DB DB DB DB

High Speed Network

processorprocessor 1 n memory memory n1

&DF<6 2.4: "9D>BAEB:7>EF Shared Everything

L (67&'38'$*&8B Shared Everything (SE)

&B@7 69D>BAEB:7>EF 6CBF (M=N; P6?7AB6> E6> 6=M B: M7:<I B@;) B6 =I7B6 A?76> E:>7MD9@HB6,

6P:J BMH: :> 8?HE:> (EIB> =:C HC<K6?7A> E6> HB>; 8J: =9:676PA9LA?HA; 69D>BAEB:7>E4;), 633I

E6> :> <7F<A;−A7B6<>ACB4; A?76> E:>7MD9@HB:> (HDF<6 2.4).

( 69D>BAEB:7>EF 6CBF :7:<IRAB6> 633>Q; E6> 69D>BAEB:7>EF =:3CA=A5A9G6HBQ7 <A >HDC9F

HJ78AH@ (tightly coupled multiprocessor architecture), 6P:J G>6 76 <=:94HA> : =:3CA=A5A9−

G6HBF; 76 8:C34TA> L6 =94=A> :> D9:7>E4; E6LCHBA9FHA>; HB: 8?EBC: A=>E:>7N7?6; 76 A?76>

=:3J <>E94;. ( 69D>EB:7>EF SE 8A7 D9@H><:=:>A?B6> H67 69D>BAEB:7>EF G>6 476 :3ME3@9:

HJHB@<6 E6B67A<@<47@; A=A5A9G6H?6; 8:H:3@T>Q7 (EC9?N; A=A>8F B: =3FL:; 6=M A=A5A9G6−

HB4; =:C <=:9A? 76 C=:HB@9?5A> A?76> 6=6G:9ACB>EI <>E9M G>6 B>; =A9>HHMBA9A; AP69<:G4;),

633I <=:9A? 76 6=:BA34HA> B: 8:<>EM 3?L: HA <AG63JBA96 HCHBF<6B6, 8@368F <=:9A? 76

6=:BA34HA> B@7 69D>BAEB:7>EF B:C C=:3:G>HB>E:J EM<K:C HB>; C=M3:>=A; 69D>BAEB:7>E4;.

L (67&'38'$*&8B Shared Nothing (SN)

( BA3ACB6?6 69D>BAEB:7>EF 4DA> B: >8>6?BA9: D696EB@9>HB>EM MB> @ KIH@ 8A8:<47N7 <:>−

9IRAB6> 69D>EI HA EI=:>6 B<F<6B6 (8>6<A9?HA>; − partitions) 476 G>6 B:7 EILA C=:3:G>HB>EM

EM<K:. '6 B<F<6B6 6CBI 6=:L@EAJ:7B6> HB:7 >8>NB>EM 8?HE: (F B:C; 8?HE:C;) B:C EILA EM<K:C

E6> <=:9:J7 76 =9:H=A36HB:J7 I<AH6 <M7: 6=M B:7 EM<K:−>8>:EBFB@ B:C EILA B<F<6B:; B@;

KIH@; 8A8:<47N7 (HDF<6 2.5).

( 69D>BAEB:7>EF 6CBF 49DAB6> HA I<AH@ 67B?LAH@ <A B@7 69D>BAEB:7>EF SD, M=:C :

:=:>:H8F=:BA EM<K:; <=:9A? 76 4DA> I<AH@ =9MHK6H@ HA :3ME3@9@ B@ KIH@ 8A8:<47N7.

2>6 76 A5C=@9AB@L:J7 =>L674; 67IGEA; G>6 =9:H=436H@ B<@<IBN7 B@; KIH@; 8A8:<47N7 =:C

K9?HE:7B6> HA 8>6P:9AB>E:J; EM<K:C; L6 =94=A> 76 C=I9DA> @ 8C76BMB@B6 +&-(B;B(!89 (;-8!89



Node 1

Processors

Private
Buffer

Processors

Private
Buffer

Node N

High Speed Network

DBDB DBDB

&DF<6 2.5: "9D>BAEB:7>EF Shared Nothing

10*!1$7(!89 (database request shipping). )A B:7 <@D67>H<M 6CBM, <>6 8:H:3@T?6 <=:9A? 76

AEBA3A?B6> HA 4767 EM<K: E6> 76 HB437A> 6>BFHA>; G>6 =9:H=436H@ 8A8:<47N7 =:C <=:9A? 76

K9?HE:7B6> HA I33:C; EM<K:C; (DN9?; 6=696?B@B6 76 549A> @ 8:H:3@T?6 67 @ =9:H=A3IHA>;

6CB4; A?76> B:=>E4; F 6=:<6E9CH<47A;, 8@368F <A 8>6PI7A>6).

( 69D>BAEB:7>EF Shared Nothing A?76> @ =34:7 8>68A8:<47@ 69D>BAEB:7>EF HJRAC5@; C=:−

3:G>HB>EQ7 EM<KN7 G>6 E6B676<A<@<47@ A=A5A9G6H?6 8:H:3@T>Q7 E6> A?76> @ 69D>BAEB:7>EF

BN7 HCHB@<IBN7 <A B6 :=:?6 6HD:3A?B6> @ A9G6H?6 6CBF.

2.1.5 K6$,$0+;-.- K$.$0-1&2*

$EBM; 6=M B@7 69D>BAEB:7>EF <A B@7 :=:?6 A?76> PB>6G<47: 476 HJHB@<6 A=A5A9G6H?6;

8:H:3@T>Q7, >8>6?BA96 H@<67B>EM 6=M =3AC9I; A=?8:H@; B:C M3:C HCHBF<6B:; A?76> E6> B:

E:<<IB> =:C A?76> C=AJLC7: G>6 B@ )0*+*7.#8!8 )*!*78:'5% (transaction routing), B: :=:?:

6=:P6H?RA> HA =:>M7 EM<K: L6 =94=A> 76 AEBA3AHBA? <>6 746 8:H:3@T?6.

W76; E63M; 63GM9>L<:; 89:<:3MG@H@; 8:H:3@T>Q7 L6 =94=A> 76 A=>BCGDI7A> CT@3F

B6DJB@B6 A=A5A9G6H?6; 8:H:3@T>Q7 E6> <>E9:J; D9M7:C; 6=ME9>H@;. 2>6 76 A=>BACDLA? EIB>

B4B:>: 6=6>BA?B6> E63F &?'!*00.18!8 C.0-*" &0#(!;(9 (load balancing) <AB65J BN7 C=:3:G>−

HB>EQ7 EM<KN7 B:C HCHBF<6B:;. ': L4<6 B@; A5>H:99M=@H@; B:C PM9B:C A9G6H?6; 4DA>

<A3AB@LA? A=67A>3@<<476 G>6 B@7 =A9?=BNH@ E6B67A<@<47N7 HCHB@<IBN7 GA7>EI ([CK88])



E6> G>6 B@7 =A9?=BNH@ E6B67A<@<47N7 3A>B:C9G>EQ7 HCHB@<IBN7 ([Bla90])

OCHBCDQ;, @ =A9?=BNH@ BN7 HCHB@<IBN7 E6B67A<@<47@; A=A5A9G6H?6; 8:H:3@T>Q7 A?76>

=A9>HHMBA9: =:3J=3:E@ 6=M B@7 GA7>EF =A9?=BNH@, 6P:J L6 =94=A> 76 HC7C=:3:G>HB:J7

E6> I33:> =69IG:7BA; M=N; B: AJ9:; <AB6GNGF; 8A8:<47N7 BN7 8?HEN7, @ HC<PM9@H@ HB6

8A8:<476 3MGN B6CBMD9:7N7 =9:H=A3IHAN7, E6> @ B6DJB@B6 A=>E:>7N7?6; <4HN B:C 8>EBJ:C.

$>8>EI G>6 B@7 =A9?=BNH@ BN7 69D>EBAEB:7>EQ7 Shared Nothing, @ D9FH@ 8C76<>EQ7 63−

G:9?L<N7 8A7 6=:BA3A? B@ HNHBMBA9@ =9:H4GG>H@, 6P:J G>6 EILA 8:H:3@T?6 C=I9DA> <AGI3@

HCGG47A>6 8A8:<47N7 <A 4767 HCGEAE9><47: C=:3:G>HB>EM EM<K:, A=A>8F HB: HCGEAE9><47:

EM<K: K9?HEAB6> H@<67B>EM =:HB:HBM 6=M B: B<F<6 B@; KIH@; 8A8:<47N7 =:C D9A>IRAB6> @

8:H:3@T?6 (8A8:<47@; <>6; 69D>EF; 8>6<49>H@; B@; KIH@;). WBH>, =69M3: =:C 476; EM<K:;

<=:9A? 76 A?76> 69EABI P:9BN<47:;, L6 =94=A> :> 8:H:3@T?A; <A <AGI3@ HCGG47A>6 8A8:<47N7

76 E6B63FG:C7 HA 6CBM7, 6P:J 6EM<6 E6> 67 89:<:3:G@L:J7 HA 8>6P:9AB>EM EM<K:, =:334;

6=M B>; =9:H=A3IHA>; BN7 8:H:3@T>Q7 L6 <AB6K>K6HB:J7 BA3>EI (<4HN B@; 8C76BMB@B6;

<AB6K?K6H@; 6?B@H@; =9:H=436H@;) HB:7 69D>EM EM<K:, 6C5I7:7B6; <A B:7 B9M=: 6CBM B@7

E?7@H@ HB: 8?EBC: E6> <A>Q7:7B6; B@ HC7:3>EF A=?8:H@ B:C HCHBF<6B:;.

?('-;$6<3/ G0;$6<#,@* K6$,$0+;-.-/

1=I9D:C7 =:33:? 63GM9>L<:> G>6 89:<:3MG@H@ 8:H:3@T>Q7, 633I <=:9A? E67A?; 76 8>6E9?7A>

B>; A5F; D696EB@9>HB>E4; E6B@G:9?A; ([GHK 95]) :

1. A'('&8$< G0;+6&#,$&

X6H?R:7B6> EC9?N; HB:7 B9M=: <A B:7 :=:?: 4DA> 8>6<A9>HBA? @ KIH@ 8A8:<47N7 HB:C;

8>IP:9:C; EM<K:C; E6> =6?97:C7 C=MT@ B:C; B@ HCGG47A>6 8A8:<47N7 =:C =69:CH>IR:C7

:> 8:H:3@T?A; <A 4767 EM<K: G>6 76 E6B6HEACIH:C7 476 HB6B>EM =?76E6 89:<:3MG@H@;.

O>6E9?7:7B6> HA 8J: C=:E6B@G:9?A;:

"3GM9>L<:> ('-'*40(-'429 )0*+*7.#8!89 (=.D. [CDY86]) E6>

"3GM9>L<:> 1'3(%*-'429 )0*+*7.#8!89 (=.D. [YCDT89]).

2. K:*(,&8$< G0;+6&#,$& :

!69M3: =:C :> HB6B>E:? 63GM9>L<:> A?76> 69EABI 6=:8:B>E:? E6> A=>K69J7:C7 A3ID>HB6

B: D9M7: 6=ME9>H@; B@; 8:H:3@T?6; (6P:J 8A7D9A>IRAB6> 76 <6R4T:C7 E6> 766763JH:C7

8A8:<476 6=M B@ 8C76<>EF E6BIHB6H@ B:C HCHBF<6B:;), 8A7 4D:C7 B@ 8C76BMB@B6 76

67B>89IH:C7 HA 6336G4; B@; E6BIHB6H@; B:C HCHBF<6B:;. *> 8C76<>E:? 63GM9>L<:>

A?76> @ E6B@G:9?6 BN7 63G:9?L<N7 =:C =6?97:C7 C=MT@ B:C; B@7 :3476 <AB6K633M<A7@

E6BIHB6H@ B:C HCHBF<6B:; E6> <=:9:J7 A=:<47N; 76 =9:H69<:HB:J7 HB>; M=:>A;



6336G4; (=.D. B:C PM9B:C A9G6H?6; F B@; 8>6<M9PNH@; B:C HCHBF<6B:;). ': B?<@<6 =:C

=3@9Q7A> M<N; E67A?; G>6 76 B:C; D9@H><:=:>FHA> A?76> @ A=>=34:7 E6LCHB49@H@ HB:

D9M7: 6=ME9>H@; B@; EILA 8:H:3@T?6;.

)?G<6 HB6B>E:J 63G:9?L<:C E6> 8C76<>E:J 63G:9?L<:C A?76> : 63GM9>L<:; =:C =6−

9:CH>IRAB6> HB: [HS93], 6P:J D9@H><:=:>A? @ HCGG47A>6 8A8:<47N7 =:C =69:CH>IR:C7

:> 8:H:3@T?A; <A B:C; EM<K:C; N; 69D>EF =:3>B>EF 89:<:3MG@H@; 8:H:3@T>Q7, A7Q

<M3>; 8>6=>HBQHA> <AGI3@ 67>H:99:=?6 PM9B:C A9G6H?6; <AB65J BN7 EM<KN7 C>:LABA?

8C76<>EF =:3>B>EF A5>H:99M=@H@;.

2A7>EI, :> 8C76<>E:? 63GM9>L<:> 89:<:3MG@H@; 8:H:3@T>Q7 8>6E9?7:7B6> HA B4HHA9>;

C=:E6B@G:9?A;:

"3GM9>L<:> =:C K6H?R:7B6> HB: +$#&3*9 *"069 (=.D. [YBL88])

"3GM9>L<:> =:C K6H?R:7B6> HB@7 '!-*0;( )0*+*7*#2!&,% (=.D. [YBL88])

E(7'%)0*+'4*; 63GM9>L<:> (=.D. [YL91])

.:>=:? 63GM9>L<:> <A &1(%(-0*C*).-8!8 (=.D. [WHMZ93])

3. G0;+6&#,$& 56$.(*('$0&.,"*$& .3 .'+7$:/ 35<%$.-/ :

)>6 A>8>EF E6B@G:9?6 8C76<>EQ7 63G:9?L<N7 676P49AB6> HA 63GM9>L<:C; =:C A?76>

=9:H676B:3>H<47:> HA HCGEAE9><47:C; HBMD:C; A=?8:H@; (goal oriented algorithms). *>

HBMD:> A=?8:H@;HC7FLN; B?LA7B6> 6=M B:7 C=AJLC7: 8>6DA?9>H@; B:CHCHBF<6B:; (system

administrator) E6> :CH>6HB>EI 6=:BA3:J7 <>6 HC<PN7?6 G>6 B@7 A3ID>HB@ A5C=@94B@H@

(D9M7:; 6=ME9>H@;) =:C L6 4D:C7 :> 8>IP:9A; E3IHA>; 8:H:3@T>Q7 ([FNGD93]).

4. !&86$$&8$*$,&8$< G0;+6&#,$& :

*> <>E9::>E:7:<>E:? 63GM9>L<:> ([FNY93], [FNY88]) 6=:BA3:J7 <>6 A7BA3Q; 5ADN9>HBF

E6B@G:9?6 63G:9?L<N7 89:<:3MG@H@; 8:H:3@T>Q7 6P:J =9:H=6L:J7 76 AP69<MH:C7

67B6GN7>HB>EI :>E:7:<>EI E9>BF9>6 N; =:3>B>E4; 89:<:3MG@H@;. ( 67B><ABQ=>H@

6CBF 49DAB6> HA 67B?LAH@ <A M3:C; B:C; =6968:H>6E:J; 63G:9?L<:C; (M=:C C=I9DA>

HC7A9G6H?6<AB65JM3N7 BN7<A9Q7 B:CHCHBF<6B:;), A=A>8F:>EM<K:>E6>:> 8:H:3@T?A;

(%-(#,%;F*%-(' (HA <>E9::>E:7:<>EM A=?=A8:) G>6 B:C; =M9:C; B:C HCHBF<6B:;.



2.2 N(6(8'-6&.,+/ O+6'$: >6;(.<(/

( =:>:B>EF E6> =:H:B>EF =A9>G96PF B:C PM9B:C A9G6H?6; A7M; HCHBF<6B:; (=:C HC7:=B>EI

:7:<IRAB6> /(0(4-80'!+.9 C.0-*" &0#(!;(9 − workload characterization) A?76> LA<A3>Q8@; G>6

:=:>68F=:BA <A34B@ B@; 6=M8:HF; B:C.

'@ HB>G<F =:C @ HC<=A9>P:9I B:C =96G<6B>E:J PM9B:C A9G6H?6; A?76> =:3J=3:E@ E6>

676=69IGAB6> 8JHE:36, 6=6>BA?B6> 476 <:7B43: G>6 76 B@7 676=696HBFHA>. W76 B4B:>: <:−

7B43: L6 =94=A> 76 <=:9A? 76 HC336<KI7A> BMH: B@ HB6B>EF, MH: E6> B@ 8C76<>EF HC<=A9>P:9I

B:C =96G<6B>E:J PM9B:C A9G6H?6; B:C HCHBF<6B:;. $=>=34:7 L6 =94=A> 76 A?76> HC<=6G4;,

6E9>K4; E6> AJE:3: 76 676=69IGAB6> AJE:36.

)>6 HB96B@G>EF G>6 76 E6B6HEACIHA> E67A?; <:7B436 PM9B:C A9G6H?6; =9:BIL@EA HB:

[CS93] E6> =A9>36<KI7A> B6 6EM3:CL6 KF<6B6:

1. +6B69DF7 76 :9?HA> B@ K6H>EF <:7I86 PM9B:C A9G6H?6;

2. #6 6763JHA> B>; E6B67:<4; BN7 =696<4B9N7 B:C PM9B:C A9G6H?6; E6> 76 A7B:=?HA> B:C;

6E9?BA; (outliers), 8@368F B6 H@<A?6 <A HC<=A9>P:9I H@<67B>EI 8>6P:9AB>EF 6=M B6

C=M3:>=6.

3. #6 EI7A> 8A>G<6B:3@T?6 (sampling) HB6 8A8:<476 BN7 <AB9FHAN7 G>6 76 <A>QHA> B:

HC7:3>EM MGE: B:C 8A?G<6B:;.

4. #6 EI7A> EI=:>:C A?8:C; HB6B>HB>EF 67I3CH@ =:C HC7FLN; <=:9A? 76 BA3A>QHA> <A <>6

HB6B>EF 67I3CH@ (=.D. :<68:=:?@H@ BN7 8A8:<47N7) F 8C76<>EF 67I3CH@ (=.D. D9FH@

HB:D6HB>EQ7 8>68>E6H>Q7).

5. #6 6=:P6H?HA> G>6 B@7 67B>=9:HN=ACB>EMB@B6 B:C C=M E6B6HEACF <:7B43:C.

2>6 B@ <A34B@ BN7 8>6PM9N7 BJ=N7 <:7B43N7 PM9B:C A9G6H?6; HCHB@<IBN7 =:C 4D:C7

=9:B6LA? E6BI E6>9:J;, C>:LABA?B6> @ B65>7M<@H@ =:C =69:CH>IRAB6> HB: [CM94]. 1=I9−

D:C7 4 EJ9>A; E6B@G:9?A; (MD> 6=696?B@B6 547A; <AB65J B:C;) :> :=:?A; A?76> B6 O>63:G>EI

(Interactive) &CHBF<6B6, B6 +6B67A<@<476 &CHBF<6B6, B6 !69I33@36 &CHBF<6B6, E6> B6

HCHBF<6B6 XIHAN7 OA8:<47N7. ( 8>6P:9I <AB65J +6B67A<@<47N7 E6> !69I33@3N7 &CHB@−

<IBN7 A7B:=?RAB6> EC9?N; HB: K6L<M HJRAC5@; (coupling), M=:C B6 +6B67A<@<476 &CHBF<6B6

4D:C7 =A9>HHMBA9: D6369F HJRAC5@ 6=M B6 !69I33@36 &CHBF<6B6. )I3>HB6, B6 +6B67A<@−

<476 &CHBF<6B6 HC7FLN; K9?HE:7B6> GANG96P>EI 8>6HE:9=>H<476.

2.2.1 K&(0$;&84 A:.'B,('(

&B6 8>63:G>EI HCHBF<6B6, HA 67B?LAH@ <A B6HCHBF<6B6 <6R>EF; A=A5A9G6H?6; (batch systems),

@ 8C76<>EF HC<=A9>P:9I (E6> >8>6?BA96 B6 8>IP:96 D9:7:−<AB6K3@BI D696EB@9>HB>EI) B:C



PM9B:C A9G6H?6; B:C; A?76> B: EC9?69D: D696EB@9>HB>EM G>6 B@ 8@<>:C9G?6 :=:>:C8F=:BA

<:7B43:C.

(=9QB@=9:H=ILA>6G>6<:7BA3:=:?@H@ B:CPM9B:C A9G6H?6; A7M; 8>63:G>E:JHCHBF<6B:;

4G>7A <A B@ K:FLA>6 HB:D6HB>EQ7 <:7B43N7 ([Har83]). W76 D9M7: 69GMBA96, @ D9FH@ BN7

296P@<IBN7 &C<=A9>P:9I; -9FHB@ (User Behaviour Graphs) =69:CH>IHB@EA HB: [Fer84]. '6

G96PF<6B6 6CBI =9:H=IL@H67 76 676=696HBFH:C7 B: HJ7:3: BN7 A7B:3Q7 =:C <=:9A? 76

8QHA> 476; D9FHB@; N; 476 =9:H676B:3>H<47: G9IP@<6 <A E:9CP4; B>; 8>IP:9A; A7B:34;

=9:; AEB43AH@ E6> 6E<4; =:C 4D:C7 KI9:; ?H: <A B@7 =>L67MB@B6 : D9FHB@; 76 AEBA34HA> B@7

<>6 A7B:3F <ABI B@7 I33@ (HDF<6 2.6).

P

P

P

P

P

P

P
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P
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1,4

4,5

4,6

5,6

P

P

3,0

3,3

6,3

3,5

2,6

2,3

&DF<6 2.6: 29IP@<6 &C<=A9>P:9I; -9FHB@

OCHBCDQ;, 296PF<6B6 &C<=A9>P:9I; -9FHB@ 67B>=9:HN=ACB>EI BN7 =96G<6B>EQ7 HC−

HB@<IBN7 E6B43@G67 76 4D:C7 =I96 =:33:J; EM<K:C; E6> 4BH> @ M=:>6 =9:H:<:?NH@ F

C=:3:G>H<M; HA 6CBI FB67 68J76B@. &B: [CF86] =69:CH>IHB@EA @ >846 B@; :<68:=:?@−

H@; EM<KN7 B:C G96PF<6B:;, QHBA 76 =9:EJTA> BA3>EI G9IP@<6 <A =3FL:; EM<KN7 MD>

6=6G:9ACB>EM G>6 C=:3:G>H<:J;.

'43:;, @ A>H6GNGF B@; 477:>6; B:C =69633@3>H<:J HB6 296PF<6B6 &C<=A9>P:9I; -9FHB@

A?76> <>6 E6>7:J9>6 >846 E6> =9:BIL@EA HB: [ACRS94], M=:C =69:CH>IRAB6> 476 <:7B43: PM9−

B:C A9G6H?6; 6=:BA3:J<A7: 6=M 476 =696GNG>EM (generative) E6> 476 AEBA34H><: (executable)

B<F<6. ': =696GNG>EM <:7B43: =694DA> <>6 =A9>G96PF B:C PM9B:C A9G6H?6; 67A5I9B@B@ 6=M

B: HJHB@<6 (system independent) E6> K6H?RAB6> HB@ <A34B@ B@; HC<=A9>P:9I; BN7 D9@HBQ7

6=M 476 3:G>EM H@<A?: =696BF9@H@; (logical viewpoint). )M3>; E6B6HEAC6HBA? <>6 =>L67:−

B>EF =A9>G96PF BMH: B@; HA>9>6EF; MH: E6> B@; =69I33@3@; HC<=A9>P:9I; B:C HCHBF<6B:;,

E6B6HEACIRAB6> B: AEBA34H><: <:7B43:, B: :=:?: 4DA> E6> B6 HCGEAE9><476 D696EB@9>HB>EI

B@; 69D>BAEB:7>EF; B:C HCHBF<6B:;.



2.2.2 ?('(*3,-,"*( A:.'B,('(

&B6 +6B67A<@<476 &CHBF<6B6 C=I9DA> <AGI3@ 8CHE:3?6 HB@ HC33:GF <AB9FHAN7, 6P:J

M36 B6 8A8:<476 HC334G:7B6> HA B:=>EM A=?=A8: (HA EILA EM<K: 8@368F) E6> =94=A> 76

HCGEA7B9NL:J7 E6> 76 HCHDAB>HL:J7, QHBA 76 6=:BA34H:C7 476 ‘‘E6L:3>EM’’ ?D7:; (trace) B@;

AEB43AH@;.

!9MHP6B6 =9:BIL@EA <>6 746 69D>BAEB:7>EF 3:G>H<>E:J G>6 A9G63A?6 =696E:3:JL@H@;

A=?8:H@; ABA9:GA7Q7 E6B67A<@<47N7 HCHB@<IBN7 ([FMS 94]). &A 6CBF7 B@7 69D>BAEB:7>EF,

:9?RAB6> <>6 >A969D?6 <A 8>IP:96 A=?=A86 HB6 :=:?6 =694DAB6> :3:476 6C567M<A7: =3FL:;

3A=B:<A9A>Q7 HB>; <AB9FHA>; (HDF<6 2.7). ': D6<@3MBA9: A=?=A8: B@; >A969D?6; (:> 6>HL@−

BF9A; − sensors) A?76> C=AJLC7: G>6 B@ HC33:GF BN7 <AB9FHAN7 6=M EILA EM<K:. '6 8A8:<476

6CBI HCHDAB?R:7B6> HB: EILA A=?=A8: B@; >A969D?6;, E6>, 4BH> HB: E:9CP6?: A=?=A8: (top

level) PB>ID7AB6> <>6 E6L:3>EF A>EM76 BN7 676GEQ7 B:C HCHBF<6B:; HA =M9:C; HA M3:C; B:C;

EM<K:C; B:C 8>EBJ:C.

Sensor Sensor

Observer

Sensor Sensor Sensor

Observer

Sensor

Server

Workstation
Management
Performance

Nodes

 . . . . 

Server

Collector

&DF<6 2.7: +6B67A<@<47: &JHB@<6 &C33:GF; )AB9FHAN7

( 67B><ABQ=>H@ =:C 6E:3:CLFL@EA HB: project LYDIA1 HB: =9MK3@<6 6CBM A?76> @

6EM3:CL@ ([BDE 95]).

WHBN <>6 HC7ADF; 6E:3:CL?6 6=M <:7I8A; A9G6H?6;, =>L67M7 BCD6?6, =:C 5AE>7IA> HA EILA

=A9>PA9A>6EM F BA9<6B>EM B:C E6B67A<@<47:C HCHBF<6B:;. ( A=A5A9G6H?6 EILA <:7I86;

A9G6H?6; 6=M B: HJHB@<6 8@<>:C9GA? <>6 '!-*0;( F,29 (life history), @ :=:?6 A569BIB6> BMH:

1ESPRIT III Basic Research Action Project 8144, ‘‘Load Balancing on High Performance Parallel and Distributed
Systems’’.



6=M B: HJHB@<6 =:C B@7 A=A5A9GIRAB6>, MH: E6> 6=M B>; C=M3:>=A; <:7I8A; A9G6H?6; =:C

C=I9D:C7 HB: HJHB@<6 AEA?7@ B@ HB>G<F.

*> =9:676PA9LA?HA; >HB:9?A; RNF; A?76> =:3J H@<67B>E4; G>6 B@ <A34B@ 8C76<>EQ7

63G:9?L<N7 E6B67:<F; PM9B:C A9G6H?6;, A=A>8F =A9>4D:C7 =3@9:P:9?6 G>6 B>; <:7I8A;

A9G6H?6;, B>; 6=6>BFHA>; B:C; HA HCGEAE9><47:C; =M9:C; B:C HCHBF<6B:; (=.D. D9M7:; CPU,

=3FL:; BN7 D9@H><:=:>@<47N7 HA3?8N7, B: HJ7:3: BN7 bytes =:C <AB6P49L@E67, B6 locks =:C

6=:EBFL@E67, B: =3FL:; BN7 SQL E3FHAN7, B: =3FL:; BN7 7@<IBN7 =:C D9@H><:=:>FL@E67,

E.3.=.) E6LQ; E6> B: D9M7: =:C H=6BI3@H67 =A9><47:7B6; 76 A3ACLA9NLA? EI=:>:; 6=M B:C;

=M9:C; B:C HCHBF<6B:;.

&A =:33I HCHBF<6B6, :> =3@9:P:9?A; G>6 B@7 >HB:9?6 BN7 8>6PM9N7 <:7I8N7 A9G6H?6;

<6RAJ:7B6> HA 69DA?6 E6> <=:9A? 76 B>; A=A5A9G6HBA? E67A?; off−line. ( HC33:GF >D7Q7

(traces) <A B4B:>: B9M=:, M<N;, 67B><ABN=?RA> =:33I =9:K3F<6B6:

O@<>:C9GA? <AGI3: A=>=34:7 EMHB:; HB@7 AEB43AH@ BN7 <:7I8N7 A9G6H?6;.

"=3I E6B6HEACIRA> 69DA?6 6=M ?D7@ G>6 HCGEAE9><47A; 8>A9G6H?A; A5C=@94B@H@; HA

HCGEAE9><47:C; EM<K:C; HB: E6B67A<47: HJHB@<6 E6> MD> :3:E3@9N<476 69DA?6 =:C

76 8A?D7:C7 B@ 9:F B@; <:7I86; A9G6H?6; 6=M B>; 8>IP:9A; 8>A9G6H?A; A5C=@94B@H@; :>

:=:?A; =>L67M7 B94D:C7 HA 8>6P:9AB>E:J; EM<K:C; B:C E6B67A<@<47:C HCHBF<6B:;.

"9DA?6 <A ?D7@ C=I9D:C7 8>6HE:9=>H<476 HA :3ME3@9: B: E6B67A<@<47: HJHB@<6

E6> 8A7 C=I9DA> EI=:>:; AJE:3:; B9M=:; G>6 76 A7B:=?HA> E67A?; E6> E6BM=>7 76 B6

HC7A7QHA> E6> 76 65>:=:>FHA> B@7 =3@9:P:9?6 6CBF HC7:3>EI.

2>6 76 67B><ABN=>HB:J7 6CBI B6 =9:K3F<6B6 B: project LYDIA ([SR95]) =9:BA?7A> B@7

HDA8?6H@ E6> B@7 C3:=:?@H@ <>6; G75!!(9 A0'!+*= Interface (Interface Definition Language

− IDL). ( G3QHH6 6CBF L6 8?7A> B@ 8C76BMB@B6 HA =3@9:P:9?A; G>6 B: PM9B: A9G6H?6; 76

<=:9:J7 76 94:C7 6=M B:7 476 8>6DA>9>HBF =M9N7 B:C HCHBF<6B:; HB:7 I33:7 E6> 6=M B:7

4767 EM<K: HB:7 I33:, 633I =I7B6 L6 C=I9DA> <>6 H6PF; 67B>HB:?D>H@ <A B@ <:7I86 A9G6H?6;

=:C B>; =69IGA>. &B: B43:; B@; RNF; <>6; <:7I86; A9G6H?6;, :> HDAB>E4; <A 6CBF7 =3@9:P:9?A;

PM9B:C A9G6H?6; <=:9:J7 76 6=:L@EAJ:7B6> HA <>6 HDAB>EF KIH@ 8A8:<47N7. +6BM=>7 :>

=3@9:P:9?A; 6CB4; <=:9:J7 76 D9@H><:=:>:J7B6> =:>E>3:B9M=N;, =.D. 6=M 63GM9>L<:C;

E6B67:<F; PM9B:C A9G6H?6; E6> G>6 =696E:3:JL@H@ B@; A=?8:H@; B:C HCHBF<6B:;.

"P:J 3JHA> E67A?; B: =9MK3@<6 B@; HC33:GF; BN7 8A8:<47N7 6=M B>; <AB9FHA>;, <=:9A?

76 69D?HA> 76 TID7A> G>6 =696<4B9:C; =:C L6 <=:94H:C7 76 67B>=9:HN=AJH:C7 B: PM9B:

A9G6H?6; E6> B6 D696EB@9>HB>EI B:C. O>IP:9A; =A>96<6B>E4; <A34BA; 4D:C7 AHB>IHA> B:

A78>6P49:7 B:C; HB@7 67I3CH@ B@; =696B@9:J<A7@; E?7@H@; HA 8>IP:96 8?EBC6 E6LQ; E6>



HA E6B67A<@<476 HCHBF<6B6 69DA?N7, 633I 6EM<6 8A7 4DA> =9:B6LA? 476 9A63>HB>EM <:7B43:

PM9B:C A9G6H?6;.

1=I9DA> E6> <>6 I33@ E6B@G:9?6 <A3ABQ7, M=:C @ =9:H=ILA>6 AHB>IRAB6> HB@7 8@<>:C9G?6

>A969D>EQ7 <:7B43N7 PM9B:C A9G6H?6;:

&B: [CHS88] B: <:7B43: B:C PM9B:C A9G6H?6; DN9?RAB6> HA B9?6 A=?=A86: B6 BA9<6B>EI

BN7 D9@HBQ7, B:C; C=:3:G>HB>E:J; EM<K:C; E6> B: C=:HJHB@<6 A=>E:>7N7>Q7. *

DN9>H<M;6CBM;=9:EJ=BA> 6=M B@3:G>EF8>6?9AH@BN7HCHB6B>EQ7 B:C C3>E:J (hardware)

HB6 E6B67A<@<476 HCHBF<6B6.

&B: [RVH94] B: <:7B43: B:C PM9B:C A9G6H?6; B:C 8>EBJ:C (Networkload) DN9?RAB6> HA

B9?6 A=?=A86: HC78>6345A>; (sessions), A7B:34; E6> 6>BFHA>;. * DN9>H<M; 6CBM; PB>IDL@EA

G>6 76 67B676E3I B:7 B9M=: <A B:7 :=:?: =69IGAB6> : PM9B:; A9G6H?6;.

2.2.3 =(6400-0( A:.'B,('(

( >HDC9F HJ78AH@ =:C C=I9DA> <AB65J BN7 EM<KN7 A7M; =69I33@3:C HCHBF<6B:; (HA

67B?LAH@ <A B@ ‘‘D6369F’’ HJ78AH@ =:C C=I9DA> HA 476 E6B67A<@<47: HJHB@<6) :8@GA? HB@7

=69633@3:=:?@H@ BN7 <:7I8N7 A9G6H?6; E6> A=:<47N; :8@GA? HA 633@3:A569BFHA>; M=N;

@ A=>E:>7N7?6 <AB65J BN7 A9G6H>Q7, : HCGD9:7>H<M; E6> =A9>:9>H<:? HA>9I; AEB43AH@;

(precedence constraints).

( 69D>BAEB:7>EF B:C =69I33@3:C C=:3:G>HBF =6?RA> A=?H@; H@<67B>EM 9M3: HB@7 A=?−

8:H@ BN7 =69I33@3N7 AP69<:GQ7. 2>6 =69I8A>G<6, H@<67B>EF 8>6P:9I HB: =:C K9?HE:7B6>

B6 8A8:<476 E6> =N; =9:H=A36J7:7B6> 6=M I33:C; EM<K:C;, =6?RA> : BJ=:; B@; 69D>BAEB:−

7>EF; B:C =69I33@3:C C=:3:G>HBF, E6> A>8>EMBA96 67 A?76> BJ=:C UMA (Uniform Memory

Access − *<:>M<:9P@; !9:H=436H@; )7F<@;), F BJ=:C NUMA (Non−UMA − )@ *<:>M−

<:9P@; !9:H=436H@; )7F<@;) F BJ=:C NORMA (NO Remote Memory Access − -N9?;

"=:<6E9CH<47A; !9:H=A3IHA>; )7F<@;).

"7 E6> : HCD7MBA9:; B9M=:; G>6 76 =A9>G9ITA> E67A?; 476 =69I33@3: =9MG96<<6 A?76>

<A 476 G9IP@<6 A9G6H>Q7 (=.D. H67 6CBM B:C HDF<6B:; 2.8), @ D9FH@ B:C G96PF<6B:;

A9G6H>Q7 <=:9A? 76 K:@LFHA> HB@7 65>:3MG@H@ <M7: BN7 !-(-'45% 1(0(+$-0,% B@; C=M

<A34B@ AP69<:GF;. &CGEAE9><476, <=:9A? E67A?; 76 C=:3:G?HA> AJE:36 B:7 B(3+.−&'!.)*"

(in−degree), 8@368F B: =3FL:; BN7 6E<Q7 =:C E6B63FG:C7 HA 4767 EM<K:, E6> B:7 B(3+.−

&?.)*" (out−degree), 8@368F B: =3FL:; BN7 6E<Q7 =:C 5AE>7I7A 6=M 4767 EM<K:, M=N;

676P49:7B6> HB: [CM94].

"=696?B@BA; M<N; G>6 :=:>68F=:BA <A34B@ B@; A=?8:H@; <>6; =69I33@3@; AP69<:GF;

A?76> E6> :> )"%(+'4$9 1(06+&-0*', :> :=:?A; =A9>G9IP:C7 B@7 HC<=A9>P:9I B@; AP69<:GF;
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&DF<6 2.8: 29IP@<6 $9G6H>Q7

E6BI B@7 AEB43AHF B@; E6> =94=A> 76 HC33ADL:J7 MH: B94DA> @ AP69<:GF (at run−time) 6=M

A>8>EI A9G63A?6 =696E:3:JL@H@; A=?8:H@; B:C HCHBF<6B:;. "CB4; :> =69I<AB9:> <=:9:J7 76

6=:E63JT:C7 B@ HC<=A9>P:9I B@; AP69<:GF; MH:7 6P:9I B>; 67IGEA; B@; HA C=:3:G>HB>EF

>HDJ, A=>E:>7N7?A; E6> HCGD9:7>H<M.

* <AGI3:; MGE:; 8A8:<47N7 6=M <AB9FHA>; 8@<>:C9GA? 476 H@<67B>EM =9MK3@<6 MH:7

6P:9I HB@7 67I3CH@ E6> B@7 A9<@7A?6 B:C;. !9:H=ILA>A; G>6 76 3CLA? B: =9MK3@<6 6CBM

4D:C7 G?7A> =:334; E6> 4D:C7 =9:B6LA? =:33I A9G63A?6 BMH: HA =A>96<6B>EM HBI8>: MH: E6>

HA A<=:9>EM A=?=A8:. "76P49:C<A N; =69I8A>G<6 B6 A5F; A<=:9>EI =9:[M7B6:

([SAB 94]), E6>

([MHC94]).

E6LQ; E6> B6 A5F; =:C K9?HE:7B6> HA =A>96<6B>EM HBI8>::

* ([NS95]) A?76> 476 CT@3:J A=>=48:C, <>E9:J A=>=34:7 EMHB:C; A9−

G63A?: G>6 67I3CH@ A=?8:H@; =69I33@3N7 AP69<:GQ7, =:C A>8>EAJAB6> HB@7 '/%*78:;(

1'%64,% 6=M =69I33@3A; AP69<:G4; E6> =694DA> HB:7 D9FHB@ 8C76BMB@B6 6336GF; B:C

<AG4L:C; B@; >D7:3@T?6; E6> A?76> AJE:3: HB@ D9FH@ B:C.

’$76 A9G63A?: =:C K:@LIA> HB@7 HB6B>HB>EF 67I3CH@ E6> B@7 :=B>E:=:?@H@ BN7 8A−

8:<47N7 6=M B>; <AB9FHA>; A?76> B: MEDEA (MEasurement Description Evaluation and

Analysis) =:C =9:BIL@EA =9MHP6B6 HB: [CMM 94].



': PAPS A?76> 476 HJ7:3: A9G63A?N7 G>6 =9MK3AT@ B@; A=?8:H@; =69I33@3N7 =9:−

G96<<IBN7, K6H?RAB6> HA <:7B436 A=?8:H@; <A Petri Nets, E6> D9@H><:=:>A? B: <:7B43:

E0*#06++(-*9−E.0*"−H%-'!-*;/'!89 (Program−Resource−Mapping model), =:C =69:C−

H>IHB@EA HB: [WH94].

2.2.4 H4.3&/ K3%$,"*@*

'@ HB>G<F =:C :> KIHA>; 8A8:<47N7 =6?R:C7 476 :3:476 <AG63JBA9: 9M3: HB>; =A9>HHMBA9A;

C=:3:G>HB>E4; AGE6B6HBIHA>; (67A5I9B@B6 B:C A?8:C; BN7 C=:3:G>HB>EQ7 HCHB@<IBN7 =:C

D9@H><:=:>:J7B6>, =:C <=:9A? 76 A?76> EA7B9>E:=:>@<476, E6B67A<@<476 F =69I33@36) 65?RA>

E67A?; 76 A5ABIHA> 5ADN9>HBI B: =9MK3@<6 B:C D696EB@9>H<:J B:C PM9B:C A9G6H?6; G>6 B>;

KIHA>; 8A8:<47N7.

&B>; =9QBA; <A34BA; HA IMS KIHA>; 8A8:<47N7 ([GLJ76], [LS76]), :> <AB9FHA>; =:C

<6RAJB@E67 FB67 EC9?N; 6E:3:CL?A; 6=M 8:H:3@T?A;, B<F<6B6 E6> blocks E6> <A3ABFL@E67

<A HB6B>HB>EF 67I3CH@ 6E:3:CL>Q7 6=M GAG:7MB6.

&A <>6 HDAB>EI =9MHP6B@ <A34B@ ([KD89]) :> HCGG96PA?; 6=:8A>E7J:C7 (D9@H><:=:>Q7B6;

476 =:3J <AGI3: 69DA?: <AB9FHAN7 6=M HCHBF<6B6 IMS 8J: 8>6P:9AB>EQ7 AB6>9A>Q7) MB> G>6

<>6 HCGEAE9><47@ C3:=:?@H@ (IMS) E6> 476 HCGEAE9><47: <:7B43: KIH@; 8A8:<47N7 (>A969−

D>EM), @ HC<=A9>P:9I BN7 8:H:3@T>Q7, MH:7 6P:9I B>; 6=6>BFHA>; B:C; HA =9:H=A3IHA>; HB@

KIH@ 8A8:<47N7, <=:9A? 76 =9:K3APLA?.

&A =9MHP6BA; <A34BA; HA HDAH>6E4; KIHA>; 8A8:<47N7, :> <AB9FHA>; =:C <6RAJB@E67

A?D67 76 EI7:C7 EC9?N; <A B@7 A?H:8:/45:8: B:C 8>6DA>9>HBF B:C A7B6<>ACBF, =3@9:P:9?6 G>6

locks E6LQ; E6> B@7 HJ7LAH@ E6> E6B67:<F BN7 A7B:3Q7 SQL. 2>6 =69I8A>G<6:

&B: [Kla92] 6=:8A>E7JAB6> (<A 67I3CH@ BN7 <AB9FHAN7 6=M <>6 KIH@ 8A8:<47N7) MB>

GA7>EI <:7B436 G>6 >D7:3@T?6 =9:G96<<IBN7 8A7 A?76> AP69<MH><6 HA =A9>=BQHA>; 3A−

=B:<A9Q7 <A3ABQ7 D696EB@9>H<:J PM9B:C A9G6H?6; HA HCHBF<6B6 KIHAN7 8A8:<47N7.

* HCGG96P46; =9:BA?7A> 476 GA7>EM, >A969D>EM <:7B43: <A B9?6 A=?=A86 6P6?9AH@;: B:

A=?=A8: AP69<:GF;, B: A=?=A8: 8:H:3@T?6; E6> B: A=?=A8: PCH>EQ7 =M9N7.

W76; 6763CBF; PM9B:C A9G6H?6; G>6 HDAH>6E4; KIHA>; 8A8:<47N7 (REDWAR −

RElational Database Workload AnalyzeR) =69:CH>IRAB6> HB: [YCHL92]. ': A9G6−

3A?: 6CBM 6=:HE:=A? HB: D696EB@9>H<M B:C PM9B:C A9G6H?6; A7M; HCHBF<6B:; DB2. (

<A34B@ PM9B:C A9G6H?6; HB: HJHB@<6 6CBM K6H?RAB6> HB@ 8:<F E6> B@7 =:3C=3:EM−

B@B6 BN7 A7B:3Q7 SQL, B@ HJHB6H@ E6> B@ 8C76<>EF HC<=A9>P:9I BN7 8:H:3@T>Q7 /

A9NBFHAN7 E6> B@ HJ7LAH@ BN7 HD4HAN7.

* A7B:=>H<M; B@; M=:>6; =9MBC=@; <:9PF; HB>; =9:H=A3IHA>; BN7 8:H:3@T>Q7 HA



<>6 KIH@ 8A8:<47N7, <=:9A? 76 K:@LFHA> HB:7 C=:3:G>H<M B@; =>L67MB@B6; AJ9AH@;

HB:>DA?N7 HB:7 A7B6<>ACBF (buffer hit probability) B: :=:?: A?76> =:3J H@<67B>EM

HB:>DA?: HB@ 8>6DA?9>H@ B:C PM9B:C A9G6H?6;. )>6 <A34B@ HA 6CBF B@7 E6BAJLC7H@

G?7AB6> HB: [DYC94], M=:C =9:BA?7AB6> @ :<68:=:?@H@ (<A 4767 8C68>EM 67689:<>EM

63GM9>L<: 8>6<49>H@;) BN7 HA3?8N7 B@; KIH@; 8A8:<47N7 HA 8>6<A9?HA>;, E6> B: =3FL:;

BN7 =9:H=A3IHN7 BN7 HA3?8N7 A?76> =A9?=:C B: ?8>: G>6 HA3?8A; =:C 67FE:C7 HB@7 ?8>6

8>6<49>H@.

'43:;, @ >846 B@; :<68:=:?@H@; 8:H:3@T>Q7 <A =69M<:>6 D696EB@9>HB>EI PM9B:C A9G6−

H?6; (E6> @ HDAB>EF 49AC76 A=? B:C L4<6B:;) 676=BJHAB6> HB: EAPI36>: 2.4, <ABI B@7 HJ7B:<@

A=>HEM=@ BN7 63G:9?L<N7 :<68:=:?@H@; B:C EAP636?:C 2.3.



2.3 G0;+6&#,$& E,(%$5$<-.-/

( :<68:=:?@H@ (clustering) A?76> 476 HJ7:3: 6=M <ALM8:C;, BAD7>E4; E6> 63G:9?L<:C; G>6 76

8@<>:C9G@L:J7 EI=:>A; *+6)&9 (clusters) 6=M ‘‘M<:>6’’ HB:>DA?6. !6?RA> =:3J H@<67B>EM 9M3:

HA M3A; HDA8M7 B>; A=>HBF<A;, 6P:J @ HCHB@<6B>EF :9GI7NH@ 8A8:<47N7 HA ‘‘E634;’’ :<I8A;

A?76> LA<A3A>Q8@; G>6 B@7 E6B67M@H@ E6> B@ <IL@H@.

!:33:? 8>6P:9AB>E:? :9>H<:? 4D:C7 8:LA? MH:7 6P:9I B@7 477:>6 B@; :<I86; ([Eve74]):

*> :<I8A; <=:9:J7 76 =A9>G96P:J7 N; HC78A8A<47A; =A9>:D4; A7M; =:3C8>IHB6B:C

DQ9:C, :> :=:?A; =A9>4D:C7 <>6 HDAB>EI <AGI3@ 1"4%.-8-( H@<A?N7 E6> 8>6DN9?R:7B6>

6=M B>; C=M3:>=A; :<I8A; <A I33A; =A9>:D4; <A <>6 >8>6?BA96 <>E9F =CE7MB@B6 H@<A?N7.

)?6 :<I86 A?76> 476 HJ7:3: 6=M HB:>DA?6 =:C <:>IR:C7 <AB65J B:C;, A7Q HB:>DA?6 6=M

8>6P:9AB>E4; :<I8A; 8A7 <:>IR:C7 <AB65J B:C;.

+ILA =9:H=ILA>6 :<68:=:?@H@; F B65>7M<@H@;, =94=A> 3?G: F =:3J 76 6=67BFHA> HB6

6EM3:CL6 A9NBF<6B6 ([Boc94]) :

'> LAN9:J<A N; E3IH@ F :<I86; (W76 HJ7:3: 6=M 67B>EA?<A76, <>6 477:>6, F <>6 6H6PF;

(fuzzy) E6B6HEACF;)

!:>4; A?76> :> D696EB@9>HB>E4; >8>MB@BA; =:C E6L:9?R:C7 <>6 :<I86; (( A<PI7>H@ <>6;

>8>MB@B6; F A7M; HC78C6H<:J >8>:BFBN7; ( 6<:>K6?6 :<:>MB@B6 <AB65J BN7 <A3Q7;)

'> A?76> B:HJHB@<6 B65>7M<@H@;F=:>6 A?76> @ 8:<F B@; :<68:=:?@H@;; ()?6 8>6<49>H@,

<>6 >A969D?6, 476 8?EBC: 6=M E3IHA>;, F 476 A77:>:3:G>EM =36?H>:;)

'> 8:<>E4; HD4HA>; C=I9D:C7 <AB65J BN7 :<I8N7; (&D4H@ C=:HC7M3:C, A=>EI3CT@;, F

H@<6H>:3:G>EF HD4H@;)

!:>6 A?76> <>6 ‘‘E63F’’ (‘‘>HDC9F’’, ‘‘6HLA7F;’’) 8:<F :<68:=:?@H@;;

'> HBMD:; L6 4=9A=A 76 >E67:=:>@LA? 6=M B@7 B65>7M<@H@;

2.3.1 ?('-;$6<3/ G0;$6<#,@*

)=:9A? E67A?; 76 8>6E9?7A> 69EAB4; E6B@G:9?A; <ALM8N7 B65>7M<@H@; :> =A9>HHMBA9: 8>6−

8A8:<47A; M<N; A?76> :> 6EM3:CLA;([JD88]).

( =9QB@ 8>IE9>H@ =:C D9@H><:=:>A?B6> A?76> E6BI =MH: 476 HCGEAE9><47: HB:>DA?:

<=:9A? 76 67FEA> HA =696=I7N 6=M <>6 8>6P:9AB>E4; E3IHA>;. &B@7 =A9?=BNH@ =:C EIB>

B4B:>: A?76> A=>B9A=BM, BMBA 4D:C<A -(?'%.+8!8 +& &1'467":8, A7Q HB@7 67B?LAB@ =A9?=BNH@

4D:C<A -(?'%.+8!8 /,0;9 &1'467":8.



&B>; <ALM8:C; B65>7M<@H@; DN9?; A=>EI3CT@ C=I9DA> <>6 8AJBA9@ 8>IE9>H@ =:C 4DA> 76

EI7A> <A B: 67 :> 63GM9>L<:> K6H?R:7B6> A5 :3:E3F9:C HB:7 =?76E6 AGGJB@B6; (proximity

matrix), :=MBA 8:C3AJ:C7 /,0;9 &1;B7&:8, (unsupervised) F D9A>IR:7B6> A=>=34:7 HB:>DA?6 G>6

76 KGI3:C7 HC<=A9IH<6B6, :=MBA D9A>IR:7B6> EI=:>6 &1;B7&:8 (supervised).

'43:;, HB>; <ALM8:C; =:C 8A7 D9A>IR:7B6> A=?K3AT@, 8>6E9?7:7B6> I33A; 8J: E6B@G:9?A;

<A KIH@ B@7 8:<F =:C A=>KI3:C7 HB6 HB:>DA?6 =:C B65>7:<:J7: :> I&0(0/'4$9 (Hierarchical) E6>

:> )@−%A969D>E4; (Non−Hierarchical) F @'(+&0'!-'4$9 (Partitional). ( K6H>EF 8>6P:9I A?76>

MB> :> >A969D>E4; <4L:8:> B65>7:<:J7 B6 HB:>DA?6 HA 8>6<A9?HA>;, :> :=:?A; A?76> PN3>6H<47A;

@ <>6 HB@7 I33@, A7Q HB>; 8>6<A9>HB>E4; <ALM8:C; @ 8>6<49>H@ A?76> <M7: <>6.

\H:7 6P:9I B:C; 63GM9>L<:C; =:C C3:=:>:J7 B>; HCGEAE9><47A; <ALM8:C;, C=I9D:C7

A=?H@; H@<67B>E4; 8>6P:94; ([JD88]):

*> !"#/,%&"-'4*; (agglomerative) 63GM9>L<:> B:=:LAB:J7 69D>EI B: EILA H@<A?: HA <>6

5ADN9>HBF:<I86E6> HB68>6EIHCGDN7AJ:C7 6CB4; B>; :<I8A; HA :3:476E6> <AG63JBA9A;

:<I8A; G>6 76 E6B63F5:C7 HA <>6 :<I86 =:C =A9>4DA> M36 B6 69D>EI H@<A?6.

*> )'('0&-'4*; (divisive) 63GM9>L<:>, 6E:3:CL:J7 B@7 6E9>KQ; 67B?LAB@ =9:H4GG>H@

E6> B:=:LAB:J7 69D>EI M36 B6 H@<A?6 HA <>6 E3IH@ E6> =9:H=6L:J7 8>68:D>EI 76

8>6<A9?H:C7 B@7 E3IH@ 6CBF HA :3:476 <>E9MBA9A; E3IHA>; G>6 76 E6B63F5:C7 HA

E3IHA>; <A 476 <M7: H@<A?:.

*> !&'0'(4*; (serial) 63GM9>L<:> DA>9?R:7B6> 8>6BI5A>; H@<A?N7 <>6 B@ P:9I, A7Q :>

-("-./0*%*' (simultaneous) 63GM9>L<:> <=:9:J7 76 DA>9>HB:J7 =:334; 8>6BI5A>; H@<A?N7

<6R?.

*> +*%*3&-'4*; (monothetic) 63GM9>L<:> 67B><ABN=?R:C7 B6 8>IP:96 5ADN9>HBI D696EB@−

9>HB>EI (features) =:C <=:9A? 76 4DA> B: EILA HB:>DA?: 476 B@ P:9I, A7Q :> 1*7"3&-'4*;

(polythetic) 63GM9>L<:> 67B><ABN=?R:C7 B6 8>IP:96 5ADN9>HBI D696EB@9>HB>EI M36 <6R?.

"7I3:G6 <A B: <6L@<6B>EM P:9<63>H<M =:C D9@H><:=:>:J7A :> 63GM9>L<:> 8>6E9?7:−

7B6> 8J: E6B@G:9?A;: MH:> D9@H><:=:>:J7 3&,0;( #0(C8+6-,% (graph theory) E6> MH:>

D9@H><:=:>:J7 67#&B0( 1'%64,% (matrix algebra).

P36(67&8$< G0;+6&#,$&

*> >A969D>E:? 63GM9>L<:> (F G>6 B@7 6E9?KA>6 >A969D>E:? 63GM9>L<:> DN9?; A=>EI3CT@

E6> DN9?; A=?K3AT@) :<68:=:>:J7 B6 69D>EI HB:>DA?6 E6B6HEACIR:7B6; <>6 6E:3:CL?6 6=M

PN3>6H<47A; 8>6<A9?HA>;. "CBF @ 6E:3:CL?6, HC7FLN; :=B>E:=:>A?B6> <A 476 8A7B9MG96<<6

(dendrogram) M=:C <=:9A? E67A?; AJE:36 76 8A> B:7 B9M=: <A B:7 :=:?: :<68:=:>:J7B6> B6



HB:>DA?6 (K34=A HDF<6 2.9). "5?RA> 76 H@<A>NLA? MB> ‘‘EMK:7B6;’’ 476 8A789MG96<<6 :9>RM7B>6

=9:EJ=BA> <>6 :<68:=:?@H@ BN7 HB:>DA?N7.

1 X2 X3 X4 X5 X6 X7 X8 X9X

6

2

3

4

5

1
distance

&DF<6 2.9: !69I8A>G<6 OA789:G9I<<6B:;

\H:7 6P:9I B:7 B9M=: <A B:7 :=:?: C=:3:G?RAB6> @ 6=MHB6H@ <AB65J BN7 8>IP:9N7

:<I8N7, 8>6E9?7:C<A 8J: K6H>E4; E6B@G:9?A;:

J$3*)*' 3&,0;(9 #0(C8+6-,%: ( 6=MHB6H@ <AB65J 8J: :<I8N7 C=:3:G?RAB6> D9@H>−

<:=:>Q7B6; B: G9IP@<6 BN7 H@<A?N7 HB>; 8J: :<I8A;. 1=I9D:C7 B9A>; A76336EB>E4;

3JHA>; G>6 6CBM:

H172 !=%)&!8 (single link): ( 6=MHB6H@ <AB65J 8J: :<I8N7 A?76> @ A3ID>HB@

6=MHB6H@ <AB65J 8J: H@<A?N7 B4B:>N7 QHBA B: 476 H@<A?: A?76> 6=M B@7 =9QB@

:<I86 E6> B: I33: H@<A?: 6=M B@ 8AJBA9@ :<I86.

J$!8 !=%)&!8 (average link): ( 6=MHB6H@ <AB65J 8J: :<I8N7 A?76> @ <4H@ 6=MHB6H@

<AB65J M3N7 BN7 RACG69>Q7H@<A?N7, M=:C B: 476H@<A?: A?76> 6=M B@7 =9QB@ :<I86

E6> B: I33: H@<A?: 6=M B@ 8AJBA9@ :<I86.

E7208 !=%)&!8 (complete link): ( 6=MHB6H@ <AB65J 8J: :<I8N7 A?76> @ <4G>HB@

6=MHB6H@ <AB65J 8J: H@<A?N7 B4B:>N7 QHBA B: 476 H@<A?: A?76> 6=M B@7 =9QB@

:<I86 E6> B: I33: H@<A?: 6=M B@ 8AJBA9@ :<I86.

G&,+&-0'4$9 +$3*)*': *9?R:7B6> B6 E47B96 BN7 :<I8N7 (cluster centers) E6> E6BM=>7

D9@H><:=:>:J7B6> 6CBI G>6 76 K9?HE:7B6> :> 6=:HBIHA>; <AB65J BN7 :<I8N7.

1=I9D:C7 B9A>; A76336EB>E4; 3JHA>; G>6 6CBM:



K$%-0* L60*"9 (centroid): ': E47B9: B@; :<I86; A?76> B: E47B9: KI9:C; BN7 H@<A?N7

=:C B@7 6=:BA3:J7. *> 6=:HBIHA>; <AB65J BN7 E47B9N7 BN7 :<I8N7 C=:3:G?R:7B6>

<A B@7 $CE3A?8A>6 6=MHB6H@.

J$!*9 (median): ': E47B9: B@; :<I86; A?76> : <4H:; M9:; 6=M B6 E47B96 BN7

:<I8N7 =:C HCGDN7AJB@E67 G>6 76 B@ HD@<6B?H:C7. *> 6=:HBIHA>; <AB65J BN7

E47B9N7 BN7 :<I8N7 C=:3:G?R:7B6> <A B@7 $CE3A?8A>6 6=MHB6H@.

>76/'!-8 -"1'42 (1.47'!8 (minimum variance): ': E47B9: B@; :<I86; A?76> B: E47B9:

KI9:C; BN7 H@<A?N7 =:C B@7 6=:BA3:J7. ( 8>6P:9I 6=M B@7 =9QB@ =A9?=BNH@

K9?HEAB6> HB: MB> @ 6=MHB6H@ <AB65J BN7 E47B9N7 BN7 :<I8N7 C=:3:G?RAB6> N; @

6J5@H@ HB: IL9:>H<6 BN7 BAB96GQ7N7 BN7 6=:HBIHAN7 EILA H@<A?:C B@; :<I86;

6=M B: E47B9: B@; :<I86;, =:C =9:E63A?B6> 6=M B@7 HCGDQ7ACH@ BN7 8J: :<I8N7.

K&(,36&.'&8$< G0;+6&#,$&

*> 8>6<A9>HB>E:? 63GM9>L<:> (F G>6 B@7 6E9?KA>6 8>6<A9>HB>E:? 63GM9>L<:> DN9?; A=>EI3CT@

E6> DN9?; A=?K3AT@) :<68:=:>:J7 B6 69D>EI HB:>DA?6 E6> E6B6HEACIR:C7 <>6 <:768>EF

8>6<49>H@ =9:H=6LQ7B6; 76 676E63JT:C7 ‘‘PCH>E4;’’ :<68:=:>FHA>;.

)>6 =9QB@ HJGE9>H@ BN7 8>6<A9>HB>EQ7 63G:9?L<N7 <A B:C; >A969D>E:J;, 6=:E63J=BA> MB>

:> >A969D>E:? 63GM9>L<:> A?76> >8>6?BA96 K:3>E:? HB@ K>:3:G?6, E:>7N7>:3:G?6 E6> TCD:3:G?6,

633I A?76> =96EB>EI 6HJ<P:9:> HB>; LAB>E4; A=>HBF<A; M=:C : MGE:; BN7 8A8:<47N7 A?76>

=:3J <AGI3:;, E6> D9@H><:=:>:J7B6> EC9?N; 8>6<A9>HB>E:? 63GM9>L<:>.

&C7FLN; HB6 8A8:<476 B:C 63G:9?L<:C HC<=A9>36<KI7AB6> E6> : 69>L<M; BN7 :<I8N7

=:C L6 =94=A> 76 E6B6HEACIHA> : 63GM9>L<:;. )A KIH@ B: L6 =94=A> 76 C=:3:G>HBA? <>6

8>6<49>H@ B:C 69D>E:J HC7M3:C BN7 H@<A?N7, B4B:>6 QHBA B6 HB:>DA?6 <>6; :<I86; 76 A?76>

=A9>HHMBA9: M<:>6 <AB65J B:C; HA HD4H@ <A HB:>DA?6 I33N7 :<I8N7.

1=I9D:C7 8J: A?8@ E9>B@9?N7 =:C D9@H><:=:>:J7B6> G>6 76 K:@LFH:C7 HB@ 8@<>:C9G?6

BN7 :<I8N7 <A M<:>6 HB:>DA?6:

K(3*7'46 40'-20'( (global criteria): +ILA :<I86 676=69>HBIB6> 6=M 476 =9MBC=: HB:>DA?:

(prototype) B: :=:?: D9@H><:=:>A?B6> N; 67B>=9MHN=:; B@; :<I86; G>6 76 K9ALA? 67

EI=:>: I33: HB:>DA?: A?76> M<:>: <A B6 HB:>DA?6 B@; :<I86;.

M*1'46 40'-20'( (local criteria): +6BI B@7 :<68:=:?@H@ AE<AB63AJ:7B6> B>; M=:>A; B:=>E4;

8:<4;.

( LAN9@B>EF 3JH@ HB: =9MK3@<6 B@; 8>6<49>H@; A?76> 6=3F: 6P:J A=>3AGA? 476 E9>BF9>:,

BMBA G>6 M3A; B>; =>L674; 8>6<A9?HA>; B:C 69D>E:J HC7M3:C HA :<I8A;, 8>634GA> E67A?;

6CBF =:C KA3B>HB:=:>A? B: E9>BF9>:. $JE:36 8>6=>HBQ7A> E67A?; MB> @ =696=I7N 3JH@ 8A7



y

x

&DF<6 2.10: $JE:3@ =A9?=BNH@ 8>6<49>H@;

y

x

&DF<6 2.11: OJHE:3@ =A9?=BNH@ 8>6<49>H@;

A?76> AP>EBF, 6P:J E6> @ 6=3F 6=69?L<@H@ M3N7 BN7 =>L67Q7 8>6<A9?HAN7 A7M; HC7M3:C <M7:

=9:E63A? HC78C6HB>EF 4E9@5@ (combinatorial explosion) 6EM<6 E6> G>6 HDAB>EI <>E9I <AG4L@.

( 3JH@ =:C 6E:3:CLA?B6> HC7FLN;, K6H?RAB6> HA <>6 (BCD6?6) 69D>EF 8>6<49>H@ B:C

HC7M3:C BN7 H@<A?N7 HA 547A; <AB65J B:C; :<I8A;, E6> <A KIH@ EI=:>6 E9>BF9>6 G?7:7B6>

<AB6BI5A>; H@<A?N7 6=M B@ <>6 :<I86 HB@7 I33@. ( 3JH@ 6CBF, =69M3: =:C A?76> 69EABI

G9FG:9@, 4DA> B: <A>:74EB@<6 MB> K6H?RAB6> 69EABI HB@7 69D>EF 8>6<49>H@. $=>=34:7 476

GA7>EMBA9: =9MK3@<6 A?76> :> ‘‘E6E4;’’ =A9>=BQHA>;, M=:C :> :<I8A; A?76> 69EABI ‘‘E:7BI’’

<AB65J B:C;, :=MBA 8A7 <=:9:J7 76 5ADN9?H:C7 AJE:36 (K34=A HDF<6 2.11).

W76; I33: B9M=:; G>6 76 G3CBQHA> E67A?; B@ HC78C6HB>EF 4E9@5@ A?76> 76 <=:94HA> 76

K9A> 4767 B9M=: E6> 76 8>6G9ITA> 6=M B: HJ7:3: BN7 8C76BQ7 8>6<A9?HAN7 476 H@<67B>EM

=:H:HBM =:C 8A7 A?76> A78>6P49:CHA;.

2.3.2 I*@.'$< G0;+6&#,$&

&B>; A=M<A7A; =696G9IP:C; =69:CH>IR:7B6> A7 HC7B:<?6 EI=:>:> D696EB@9>HB>E:? 63GM9>L<:>

− BAD7>E4; :<68:=:?@H@;.

E (0;+6&#,$/ 3047&.'$: M3:;*F$*'$/ %"*%6$:

* 63GM9>L<:; &76/'!-*" F&"#%=*%-*9 )$%)0*" (Minimum Spanning Tree, F MST) A?76> 476;

>A969D>EM; 63GM9>L<:; : :=:?:; K6H?RAB6> HB@ LAN9?6 G96P@<IBN7 ([Zah71]). &CGEAE9><476,

: 63GM9>L<:; K6H?RAB6> HB@ 8@<>:C9G?6 A7M; A3ID>HB:C RACG7J:7B:; 84789:C, B: :=:?: 76

HC784A> M36 B6 H@<A?6 A7M; 8:H<47:C HC7M3:C.

': KI9:; HA EILA 6E<F B:C 84789:C A?76> HA 6CBF B@7 =A9?=BNH@ ?H: <A B@7 ACE3A?8A>6

6=MHB6H@ BN7 8J: H@<A?N7 =:C A7Q7:7B6> 6=M B@7 A7 3MGN 6E<F. "7 :9>HBA? N; KI9:;

:3ME3@9:C B:C 84789:C B: IL9:>H<6 BN7 K69Q7 M3N7 BN7 6E<Q7 B:C, BMBA G>6 476 8:H<47:

G9IP@<6, B: A3ID>HB: RACG7J:7 84789:, 6=:BA3A? E6> B: 84789: <A B: <>E9MBA9: HC7:3>EM



KI9:;. +6BM=>7 <=:9A? E67A?; <A 8>IP:9A; <ALM8:C; 76 A7QHA> A=><49:C; 6E<4; E6> 76

A36BBQHA> B: =3FL:; BN7 EM<KN7 B:C G96PF<6B:;.

?6&'B6&$ Q3'6(;@*&8$F A940,('$/

W76 69EABI 8>68A8:<47: E9>BF9>: =:C D9@H><:=:>A?B6> HA 8>IP:9:C; 8>6<A9>HB>E:J; 63GM−

9>L<:C; A?76> B: E9>BF9>: B:C 'AB96GN7>E:J &PI3<6B:; (Square error criterion).

"9D>EI, B: HJ7:3: BN7 HB:>DA?N7 8>6<A9?RAB6> HA :<I8A; 1 2 B4B:>A;

QHBA @ :<I86 76 4DA> HB:>DA?6 E6> EILA HB:>DA?: 76 K9?HEAB6> HA <>6 <M7: :<I86,

8@368F 76 >HDJA> 1 .

': <4H: 8>I7CH<6 G>6 B@7 :<I86 :9?RAB6> N;:

1
1

': BAB96GN7>EM HPI3<6 G>6 B@7 :<I86 A?76>:

2

1

': BAB96GN7>EM HPI3<6 G>6 :3ME3@9@ B@7 :<68:=:?@H@ A?76>:

2

1

2

* HE:=M; B@; :<68:=:?@H@; <A KIH@ B: E9>BF9>: B:C 'AB96GN7>E:J &PI3<6B:; A?76> 76

K9ALA? AEA?7@ @ 8>6<49>H@ HA :<I8A; =:C 76 A36D>HB:=:>A? B: 2 G>6 8:H<47: .

ISODATA

* ISODATA A?76> 6=M B:C; =A9>HHMBA9: G7NHB:J; 8>6<A9>HB>E:J; 63G:9?L<:C;.

( P>3:H:P?6 B:C A?76> 69EABI 6=3F:

"9D>EI : 63GM9>L<:; C=:L4BA> <>6 69D>EF 8>6<49>H@ HA :<I8A;.

+6BM=>7 C=:3:G?R:7B6> B6 E47B96 BN7 :<I8N7 E6LQ; E6> :> 6=MHBIHA>; BN7 H@<A?N7

=:C 67FE:C7 HA <>6 :<I86 6=M B: E47B9: B@; :<I86;.

'6 H@<A?6 B:=:LAB:J7B6> HB>; =3@H>4HBA9A; :<I8A; E6> A=67636KI7AB6> @ M3@ 8>68>−

E6H?6.

'43:;, C=I9DA> @ 8C76BMB@B6 A7:=:?@H@; / 8>6<49>H@; BN7 E3IHAN7 E6LQ; E6> 67L9Q−

=>7@; =694<K6H@;.



1=I9D:C7 69EAB4; 8>6P:9AB>E4; C3:=:>FHA>; B:C 63G:9?L<:C, HB@7 A9G6H?6 6CBF M<N;

A=>34DB@EA @ C3:=:?@H@ 6=M B: [VR92], @ :=:?6 K6H?RAB6> HB:7 63GM9>L<: :

:=:?:; 8>6B@9A? HB6LA9M B: =3FL:; BN7 E3IHAN7 E6> 8A7 D9A>IRAB6> 67L9Q=>7@ =694<K6H@.

Bond Energy Algorithm

* 63GM9>L<:; Bond Energy (F "3GM9>L<:; $749GA>6; OAH<:J) =9:BIL@EA HB: [MSW72] E6>

4EB:BA D9@H><:=:>FL@EA AC9JB6B6 EC9?N; G>6 EILAB@ B<@<6B:=:?@H@ (vertical fragmentation)

BN7 HD4HAN7 HA E6B67A<@<47A; KIHA>; 8A8:<47N7, M=:C :<68:=:>:J7B6> AEA?7A; :> >8>MB@BA;

=:C =69:CH>IR:C7 B@7 <>E9MBA9@ 633@3A=?896H@ <AB65J B:C;.

&B: [NCWD84] A<P67?RAB6> 6763CB>EI : 63GM9>L<:; $749GA>6; OAH<:J G>6 EILAB@ B<@−

<6B:=:?@H@ E6LQ; E6> :> =9:AEBIHA>; =:C =9:BA?7:C7 :> HCGG96PA?;, A7Q HB: [AH90] G?7AB6>

<>6 E9>B>EF G>6 B>; D9FHA>; B:C 63G:9?L<:C HC7:3>EI. * 63GM9>L<:; $749GA>6; OAH<:J

A<P67?RAB6> E6> HB: [OV91], M=:C A=?H@; D9@H><:=:>A?B6> G>6 EILAB@ B<@<6B:=:?@H@, E6LQ;

E6> HB: [CMVN92] M=:C HCGE9?7AB6> <6R? <A I33:C; 63G:9?L<:C; EILAB@; B<@<6B:=:?@H@;.

( K6H>EF >846 =?HN 6=M B:7 "3GM9>L<: $749GA>6; OAH<:J A?76> @ 477:>6 B:C )&!+*=

<AB65J BN7 >8>:BFBN7 B@; KIH@; 8A8:<47N7, : :=:?:; =:H:B>E:=:>A? B@ HCGG47A>6 <AB65J

8J: :=:>N78F=:BA >8>:BFBN7. ( HCGG47A>6 6CBF 67IGAB6> HB@7 :<:>MB@B6 HB@ HJ7LAH@

BN7 =9:H=A3IHAN7 =:C G?7:7B6> HB>; >8>MB@BA; B@; KIH@; 8A8:<47N7 6=M B>; 8>IP:9A;

8:H:3@T?A;. )A I336 3MG>6 L6 =94=A> : 8AH<M; <AB65J 8J: >8>:BFBN7 76 4DA> <AG63JBA9@

B><F, MH: =A9>HHMBA9A; ?8>A; 8:H:3@T?A; =9:H=A36J7:C7 B>; 8J: >8>MB@BA;.

&CGEAE9><476 : 8AH<M; <AB65J 8J: >8>:BFBN7 E6> A?76>:

1

M=:C :9?R:C<A N; <4B9: HCGG47A>6; (affinity):

1 1

E6> A=>=34:7:
= 1, 67 @ 8:H:3@T?6 D9@H><:=:>A? B@7

= 0, 633>Q; (M=:C )

= ‘r’ / ‘u’

= =3FL:; =9:H=A3IHAN7 G>6 B@7 8:H:3@T?6

= HCD7MB@B6 A<PI7>H@; B@; 8:H:3@T?6;

=



2.4 E,(%$5$<-.- O+6'$: >6;(.<(/

(:<68:=:?@H@8:H:3@T>Q7 / 8>A9G6H>Q7 / =9:G96<<IBN7<AKIH@ B:PM9B:=:C =69:CH>IR:C7

HB: HJHB@<6 4DA> =9:B6LA? A=67A>3@<<476 HB: =69A3LM7 ([FSZ83], [Raa93]) E6> A?76> G7NHBF

<A B: M7:<6 Workload Clustering F A+()*1*;8!8 N.0-*" >0#(!;(9. "=:HE:=A? HB@7 AJ9AH@

D696EB@9>HB>EQ7 :<I8N7 <A =69M<:>: PM9B: A9G6H?6; E6> B@7 D9@H><:=:?@HF B:C; G>6 B@7

M=:>6 <A34B@ B:C HCHBF<6B:;.

'6 H@<67B>EMBA96 =9:K3F<6B6 =:C 4DA> @ GA7>EF 67B><ABQ=>H@ B:C L4<6B:; 6CB:J A?76>

([FSZ83]):

( A=>3:GF B:C 63GM9>L<:C :<68:=:?@H@;.

( HC7I9B@H@ <4B9@H@; 6=MHB6H@; (HC7FLN; ACE3A?8A>6).

( 6336GF HB@7 E3?<6E6 <A9>EQ7 6=M B>; <AB6K3@B4;.

( E67:7>E:=:?@H@. &C7@L>H<47@ =A9?=BNH@ A?76> 6CBF B@; 67@G<47@; <AB6K3@BF;

(K34=A E6> HA3?86 39), F @ =A9?=BNH@ B@; 67ILAH@; K69Q7 HB>; 8>IP:9A; <AB6K3@B4;.

( 67B><ABQ=>H@ BN7 6E9>BQ7. )>6 <4L:8:; A?76> @ 3:G69>L<>EF E3><IENH@, I33@ A?76>

@ :3:E3@9NB>EF A5I3A>TF B:C; 6=M B6 8A8:<476 A>HM8:C.

( 6=:8:B>EF 67B><ABQ=>H@ BN7 <AGI3N7 <AGALQ7 B:C =9:K3F<6B:;. W76; B9M=:; A?76>

@ 8A>G<6B:3@T?6, M=:C ([Art78]) 6EM<6 E6> HA =A9>=BQHA>; M=:C 476 A3ID>HB: =:H:−

HBM (2%) B:C 69D>E:J 8A?G<6B:; D9@H><:=:>FL@EA B6 6=:BA34H<6B6 8A7 =69:CH?6R67

H@<67B>EF 6=ME3>H@.

W76; I33:; B9M=:; A?76> <A D9FH@ <ALM8N7 (%67"!89 10,-(0/'45% -+8+6-,% (principal

components analysis), M=:C G?7AB6> =9:H=ILA>6 76 K9AL:J7 AEA?7A; :> HC7>HBQHA; B:C

69D>E:J 8A?G<6B:; =:C <=:9:J7 76 676=696HBFH:C7 E6> B>; C=M3:>=A;.

&B: [Raa93], M=:C C=I9DA> <>6 =69M<:>6 676P:9I BN7 =9:K3@<IBN7 =:C 67B><ABN=?RA>

E67A?; E6BI B@7 :<68:=:?@H@ PM9B:C A9G6H?6;, HB@3>BAJAB6> @ 67C=695?6 65>:3MG@H@; BN7

6=:BA3AH<IBN7 B@; :<68:=:>FH@; MH:7 6P:9I B@ HB6LA9MB@B6 E6> B@7 AGEC9MB@BI B:C;, @

:=:?6 8>6P6?7AB6> HA M3A; HDA8M7 B>; <A34BA; :<68:=:?@H@; PM9B:C A9G6H?6;. $=>=34:7

G?7AB6>@=696BF9@H@MB> :63GM9>L<:; A?76> : =>: 8>68A8:<47:;HB>; =A9>HHMBA9A;

=A9>=BQHA>; :<68:=:?@H@; PM9B:C A9G6H?6;.

( D9FH@ <ALM8N7 :<68:=:?@H@; G>6 B@ HC99?E7NH@ <AGI3N7 G96P@<IBN7 HC<=A9>P:9I;

D9FHB@ =9:BA?7AB6> HB: [CF86] E6> 6=:8A>E7JAB6> N; 69EABI >E67:=:>@B>EF 3JH@ G>6 B@7

=A9?=BNH@ BN7 8>63:G>EQ7 HCHB@<IBN7.



!9MHP6B6, 4DA> =9:B6LA? @ :<68:=:?@H@ 8:H:3@T>Q7 <A KIH@ B>; 67IGEA; B:C; HA =M9:C;

B:C HCHBF<6B:; A=A5A9G6H?6; 8:H:3@T>Q7. ( =9QB@ 676P:9I HB: L4<6 4G>7A HB: [YD92],

M=:C =69:CH>IRAB6> @ >846 B@; :<68:=:?@H@; 8:H:3@T>Q7 <A KIH@ B@ HCGG47A>6 8A8:<47N7

(affinity clustering), E6> 69GMBA96 HB: [YD94].

&B>; 8J: 6CB4; =A9>=BQHA>; D9@H><:=:>A?B6> @ HCGG47A>6 8A8:<47N7 N; KIH@ G>6 B:

8>6DN9>H<M 8:H:3@T>Q7HA :<I8A; =:C EI7:C7 =69M<:>A; =9:H=A3IHA>; HB@KIH@8A8:<47N7.

* 3MG:; G>6 B@ D9FH@ B@; =:3>B>EF; 6CBF; A?76> G>6 76 <=:94HA> 76 C=I95A> A5>H:9M=@H@ B:C

PM9B:C A9G6H?6; <AB65J BN7 8>IP:9N7 C=:3:G>HB>EQ7 EM<KN7 B:C HCHBF<6B:;. $=>=34:7,

HB>; 8J: =9:676PA9LA?HA; <A34BA; 8>A9AC7FL@E67 :> =A9>=BQHA>; E6BI B>; :=:?A; 476;

HCGEAE9><47:; PM9B:; A9G6H?6; (workload) A?76> 8>6<A9?H><:; HA ?H6 <49@QHBA 76 A=>BACDLA?

@ A=>LC<@BF A5>H:9M=@H@.

&B: [YD94], B43:;, G?7AB6> HJGE9>H@ <AB65J BN7 B9>Q7 8>6P:9AB>EQ7 69D>BAEB:7>EQ7

HJRAC5@; C=:3:G>HB>EQ7 EM<KN7, MH:7 6P:9I B>; 8>6P:94; HB@7 A=?8:H@ <A B@ D9FH@ B@;

:<68:=:?@H@; 8:H:3@T>Q7 <A KIH@ B@ HCGG47A>6 8A8:<47N7.





?3940(&$ 3

E,(%$5$<-.- %$.$0-1&2*

3.1 >&.(;@;B

( G7QH@ BN7 D696EB@9>HB>EQ7 PM9B:C A9G6H?6; BN7 8:H:3@T>Q7 A?76> H@<67B>EF G>6 B@7

A=>BCD?6 63GM9>L<N7 89:<:3MG@H@; 8:H:3@T>Q7 =:C =9:H=6L:J7 76 6C5FH:C7 B>; A=>8MHA>;

A7M; E6B67A<@<47:C HCHBF<6B:; A=A5A9G6H?6; 8:H:3@T>Q7. '6 D696EB@9>HB>EI 6CBI 8A7

A569BQ7B6> 6=M B:C; D9M7:C; =9:H43ACH@;, 633I =A9>36<KI7:C7 B>; =9:H=A3IHA>; =:C

EI7:C7 :> 8:H:3@T?A; HB6 69DA?6 B@; KIH@;, B>; C=:3:G>HB>E4; 67IGEA; B@; 8:H:3@T?6; E6>

B: =3FL:; BN7 H@<A?N7 HCGD9:7>H<:J.

( HC7@L>H<47@ =96EB>EF <4D9> BQ96 A?76> 76 D9@H><:=:>:J7B6> =9:HDA8>6H<476 <>E9I

=9:G9I<<6B6 8:H:3@T>Q7 ([Gra93]), B6 :=:?6 L6 676=69>HB:J7 (HA M=:>: K6L<M 6CBM A?76>

8C76BM) 8:H:3@T?A; =:C 67B>HB:>D:J7 HA HCGEAE9><47A; A<=:9>E4; AP69<:G4; (=.D. @

8:H:3@T?6 D94NH@;/=?HBNH@;). WBH> <=:9A? 76 G?7A> <>6 =9:HAGG>HB>EF <A34B@ B:C PM9B:C

A9G6H?6; B:C HCHBF<6B:;, @ :=:?6 M<N; <A B@7 =:3C=3:EMB@B6 E6> B@7 <AGI3@ =:>E>3:<:9P?6

BN7 H@<A9>7Q7 AP69<:GQ7 E6B63FGA> 76 A?76> 676=:BA3AH<6B>EF.

( K6H>EF >846 =?HN 6=M B: CLUE A?76> MB> HA <AGI3A; AP69<:G4;, @ GANG96P>EF E6>

:9G67NB>EF 8:<F <>6; AB6>9?6; 4DA> <AGI3@ A=?896H@ HB:7 B9M=: <A B:7 :=:?: 6=:L@EAJ:7B6>

E6> =9:H=A36J7:7B6> B6 8A8:<476. +I=:>:> D9FHBA; L6 D9@H><:=:>:J7 476 =A9>:9>H<47:

HJ7:3: 6=M BA9<6B>EI G>6 76 =9:H=A3IH:C7 EI=:>6 8A8:<476, EIB> B: :=:?: HDAB?RAB6> <A

B@7 E6L@<A9>7F B:C; A9G6H?6 E6> B:7 BM=: 8:C3A>I; (=.D. : B96=AR>EM; 3:G69>6H<M; =:C

HDAB?RAB6> <A B: C=:E6BIHB@<6 B@; B9I=AR6; =:C 8:C3AJA> : C=I33@3:;).

2>’6CBM7 B: 3MG:, D9@H><:=:>FL@EA : HC78C6H<M; B:C 4,)'4*= )*!*78:;(9 (transactionID),

B:C 4,)'4*= /02!-8 (userID), E6> B:C 4,)'4*= -&0+(-'4*= (termID) N; 476 <:768>EM =9:H8>:−

9>HB>EM 8:H:3@T>Q7 =:C =9MEA>B6> 76 =69:CH>IH:C7 =69M<:>6 HC<=A9>P:9I MH:7 6P:9I B>;

=9:H=A3IHA>; HB@ KIH@ 8A8:<47N7 HB: <433:7. "CBM; : HC78C6H<M; :7:<IRAB6> 4,)'4.9

-0'17$-(9 E6> <6R? <A B6 A=>=34:7 HB6B>HB>E6 HB:>DA?6 :7:<IRAB6> -0'17$-(. ( A=>3:GF BN7

35



B9>Q7 6CBQ7 D696EB@9>HB>EQ7 4G>7A A=A>8F 6PA7M; 6=:BA3:J7 B: A3ID>HB: C=:HJ7:3: D6−

96EB@9>HB>EQ7 =:C <=:9:J7 76 D9@H><:=:>@L:J7 G>6 B: R@B:J<A7: HE:=M E6> 6PAB49:C A?76>

E:>7I HA M36 B6 HCHBF<6B6 A=A5A9G6H?6; 8:H:3@T>Q7.

* HC7@L>H<47:; 69>L<M; 6=M 8:H:3@T?A; A?76> HC7FLN; 69EAB4; D>3>I8A;, A7Q : BC=>EM;

69>L<M; 6=M D9FHBA; A?76> HC7FLN; 8AEI8A; D>3>I8A; E6> : BC=>EM; 69>L<M; 6=M BA9<6B>EI

A?76> A=?H@; 8AEI8A; D>3>I8A;. !69M3: =:C : BC=>EM; 69>L<M; BN7 B9>=3ABQ7 8A7 A?76> ?H:; <A

B: G>7M<A7: BN7 B9>N7 <AGALQ7 =:C =9:676P49L@E67, HC7FLN; : 69>L<M; 6CBM; A?76> A=?H@;

HB@7 BI5@ BN7 8AEI8N7 D>3>I8N7. $?76> 68J76B: M<N; HB:C; 63GM9>L<:C; 89:<:3MG@H@;

8:H:3@T>Q7 76 5ADN9?H:C7 <AB65J BMHN7 =:33Q7 8:H:3@T>Q7, E6> A=>=34:7 : D9M7:; =:C

D9A>IRAB6> G>6 76 =I9A> : 63GM9>L<:; 89:<:3MG@H@; <>6 6=MP6H@ 6C5I7A> I<AH6 B: D9M7:

6=ME9>H@; B@; 8:H:3@T?6;. WBH> L6 =94=A> 76 G?7A> EI=:>6 <:9PF HC<=?AH@; B:C HC7:3>E:J

69>L<:J BN7 B9>=3ABQ7, <A B4B:>: B9M=: M<N;, :JBN; QHBA 76 <@7 D6L:J7 =3@9:P:9?A;

H@<67B>E4; G>6 B@7 A=>BCD?6 BN7 63G:9?L<N7 89:<:3MG@H@;.

': CLUE A?76> 476 =A9>KI33:7 :<68:=:?@H@; 8:H:3@T>Q7 <A KIH@ B6 D696EB@9>−

HB>EI PM9B:C A9G6H?6; =:C =69:CH>IR:C7. &CGEAE9><476, D9@H><:=:>A? B@7 :<:>MB@B6 HB>;

=9:H=A3IHA>; =:C EI7:C7 :> 8:H:3@T?A; HB@ KIH@ 8A8:<47N7 G>6 76 E6B6HEACIHA> :<I8A;

8:H:3@T>Q7 <A <AGI3@ !"##$%&'( )&)*+$%,% <AB65J B:C;.

Raw Data

Preprocessing

Running OLTP Application

Monitoring

CLUE

Classification Utility Input Data

Workload Description /
Classification Utility Output Data

Corellated Data  /

Generation

Classification

data redistribution

Test  Suite

&DF<6 3.1: ': CLUE A7 89IHA>



3.2 K$,B '$: CLUE

&B@7 B94D:CH6 C3:=:?@HF B:C, B: CLUE 8:C3AJA> 67A5I9B@B6 6=M B: HJHB@<6 online

A=A5A9G6H?6; 8:H:3@T>Q7. 2?7AB6> =9QB6 @ HC33:GF BN7 >D7Q7 (traces) 6=M B@7 AEB43AH@

BN7 8:H:3@T>Q7 HB: HJHB@<6 E6> 6CBI 6=:L@EAJ:7B6> HA 476 69DA?:. +6BM=>7, <ABI

6=M E6BI33@3@ =9:A=A5A9G6H?6, Bo CLUE 67B3A? HB:>DA?6 6=M B: 69DA?: <A B6 ?D7@ B@;

AEB43AH@; BN7 8:H:3@T>Q7 (HDF<6 3.1) E6> B6 D9@H><:=:>A? G>6 76 E6B6HEACIHA> :<I8A; 6=M

8:H:3@T?A; <A 6C5@<47@ HCGG47A>6 8A8:<47N7 (8@368F =:C EI7:C7 =69M<:>A; =9:H=A3IHA>;

HB@ KIH@ 8A8:<47N7). $76336EB>EI, B: CLUE <=:9A? 76 67B3FHA> HB:>DA?6 6=M EI=:>:

HC7LAB>EI E6B6HEAC6H<47: =69I8A>G<6 <A HE:=M 76 A=63@LACBA? @ HNHBF 3A>B:C9G?6 B:C.

&A EILA =A9?=BNH@ B: CLUE D9A>IRAB6> 6=M B:7 D9FHB@ 76 =9:H8>:9?HA> 476 =I7N

P9IG<6 G>6 B: <4G>HB: =3FL:; BN7 E3IHAN7 =:C L6 =94=A> 76 E6B6HEACIHA>, B: :=:?: HB>;

HC7@L>H<47A; =A9>=BQHA>; EC<6?7AB6> GJ9N HB: 100. ': M9>: BN7 =A9?=:C 100 E3IHAN7

=9:EJ=BA> 6=M B@7 C=I9D:CH6 A<=A>9?6 <A B6 HCHBF<6B6 E6B67A<@<47@; A=A5A9G6H?6;

8:H:3@T>Q7, 633I E6> 6=M B:7 =A9>:9>H<M, =:C B?LAB6> 6=M B:C; 63GM9>L<:C; 89:<:3MG@H@;,

G>6 <>E9M =3FL:; E3IHAN7.

j

#writesi

nT

T

T3

T2

T1

1B B B3 B Bk2T
DB

 #reads

&DF<6 3.2: !?76E6; !9:H=A3IHAN7



Read Triplets into Memory

General Preprocessing

Preprocessing

Automatic Clustering
(Pseudo Linear Dependency)

Preprocessing

Automatic Clustering
(Vector Distances)

Write Utilization Classes
to File

Triplets

UT_Classes

&DF<6 3.3: .A>B:C9G?6 B:C CLUE

"763CB>EI, B6 HBI8>6 3A>B:C9G?6; B:C CLUE A?76> B6 A5F; (K34=A E6> HDF<6 3.3):

1. "9D>EI, 8>6KIR:7B6> B6 HB:>DA?6 6=M B: 69DA?: <A B6 ?D7@ B@; AEB43AH@; BN7 8:H:−

3@T>Q7 E6> 6=:L@EAJ:7B6> HA <?6 8C76<>EF 8:<F 8A8:<47N7 HB@7 EJ9>6 <7F<@ B:C

C=:3:G>HBF. ( 8C76<>EF 8:<F 676=69>HBI 4767 1;%(4( 10*!1&76!&,% (reference matrix),

M=:C :> G96<<4; B:C A?76> B9>=34BA; E6> :> HBF3A; B:C A?76> HA3?8A; B@; KIH@; 8A8:<47N7

(HDF<6 3.2). +ILA H@<A?: B:C =?76E6 =A9>4DA> B:7 69>L<M BN7 =9:H=A3IHAN7 G>6 67I−

G7NH@ E6> BN7 =9:H=A3IHAN7 G>6 A7@<49NH@ =:C 4DA> EI7A> HC7:3>EI @ HCGEAE9><47@

B9>=34B6 1 HB@ HCGEAE9><47@ HA3?86 B@; KIH@; 8A8:<47N7.

2. +6BM=>7 G?7AB6> =9:A=A5A9G6H?6 BN7 >D7Q7.

3. "E:3:CLA? @ AEB43AH@ B:C 63GM9>L<:C E6> @ :<68:=:?@H@ BN7 B9>=3ABQ7.

1G>6 B@7 6E9?KA>6 @ 8:H:3@T?6 =:C R@BFL@EA 6=M B:7 HCGEAE9><47: D9FHB@ HB: HCGEAE9><47: BA9<6B>EM



4. '43:;, 6=:L@EAJ:7B6> B6 6=:BA34H<6B6 HA 69DA?: HB: 8?HE:.

"5?RA> 76 H@<A>NLA? MB> B: =9QB: E6> B: BA3ACB6?: HBI8>: A?76> C=:D9ANB>EI E6> G?7:7B6>

<M7: <?6 P:9I, A7Q B6 HBI8>6 2 E6> 3 <=:9:J7 76 G?7:C7 MHA; P:94; D9A>6HBA? (<A 67I3:G@

E6B6DQ9>H@ HB: 69DA?: =A9>G96PF; B:C =A>9I<6B:;) E6> <A 8>6P:9AB>E4; =696<4B9:C;. &B>;

A=M<A7A; =696G9IP:C; =69:CH>IR:7B6> B6 HBI8>6 B@; =9:A=A5A9G6H?6; E6> :> B9M=:> =:C

D9@H><:=:>FL@E67 G>6 B@ <4B9@H@ 6=:HBIHAN7 <AB65J BN7 B9>=3ABQ7, A7Q : AC9@<6B>EM;

63GM9>L<:; =69:CH>IRAB6> 6763CB>EI HB: A=M<A7: C=:EAPI36>:.

3.2.1 =6$353)36;(.<(

&B: HBI8>: B@; =9:A=A5A9G6H?6; G?7:7B6> 8>IP:9A; HB6B>HB>E4; EC9?N; <AB6B9:=4; HB6

69D>EI 8A8:<476 G>6 76 G?7:C7 ‘‘E63JBA96’’ G>6 B:C; 8>IP:9:C; 63GM9>L<:C; =:C L6 B6

D9@H><:=:>FH:C7 HB@ HC74DA>6. ': HBI8>: 6CBM A?76> =:3J H@<67B>EM HB@7 E63F 3A>B:C9G?6

B:C CLUE G>6B? 69EAB:? 6=M B:C; 63GM9>L<:C; =:C D9@H><:=:>FL@E67 FB67 ‘‘AC6?HL@B:>’’

HB@7 69D>EF E6BIHB6H@ (@ :=:?6 A=@9AIRAB6> =I96 =:3J 6=M B: HBI8>: 6CBM).

?0&,48@.-

(=9QB@ =9I5@ =:C <=:9A? E67A?; 76 AP69<MHA> HB6 HB:>DA?6 B:C =?76E6 A?76> <>6 E3><IENH@

M3N7 BN7 HB:>DA?N7 B:C. )A 6CBM B:7 B9M=:, 6PA7M; <=:9A? E67A?; 76 L4HA> M36 B6 HB:>DA?6

B:C =?76E6 HA <>6 G7NHBF AE BN7 =9:B49N7 E3?<6E6 E6> 6PAB49:C 76 6=:PJGA> =A9>=BQHA>;

C=A9DA?3>H@; (overflow) HB:C; =A96>B49N C=:3:G>H<:J;.

( E3><IENH@ =9:; B: =69M7 G?7AB6> <A 6=3F 8>6?9AH@ M3N7 BN7 HB:>DA?N7 B:C =?76E6 <A

B: <AG63JBA9: HB:>DA?:, :=MBA @ BA3>EF E3?<6E6 BN7 HB:>DA?N7 A?76> B: E3A>HBM 8>IHB@<6

0 1 .

S33@ <4L:8:; E3><IENH@; BN7 HB:>DA?N7 B:C =?76E6 =9:H=A3IHAN7 L6 <=:9:JHA 76 A?76>

@ 7*#(0'3+'42, M=:C <A B@7 =9I5@ 6CBF EILA HB:>DA?: B:C =?76E6 L6 67B>E6B6HB6LA? 6=M B:7

3:GI9>L<: B:C HA <>6 HCGEAE9><47@ KIH@. ( <4L:8:; 6CBF A?76> >867>EF G>6 B>; =A9>=BQHA>;

M=:C :> B><4; A>HM8:C 8>6P49:C7 =I96 =:3J <AB65J B:C; (BI5A>; <AG4L:C;).

?(*$*&8$5$<-.-

+6BM=>7 <=:9A? 76 G?7A> <>6 E67:7>E:=:?@H@ BN7 B><Q7 B:C =?76E6 D9@H><:=:>Q7B6; <?6 6=M

B>; G7NHB4; 7M9<A; 6=M B6 <6L@<6B>EI (=.D. B@ 7M9<6 <AG?HB:C), 67 E6> HB6 =A>9I<6B6 =:C

=96G<6B:=:>FL@E67 8A7 PI7@EA 76 4DA> H@<67B>EF 65?6. * H@<67B>EMBA9:; 3MG:; G>6 6CBM

A?76> MB>, HC7FLN;, :> 8>6P:94; =:C C=I9D:C7 <AB65J BN7 B9>=3ABQ7 MH:7 6P:9I B6 =3FL@ BN7

=9:H=A3IHAN7 8A7 A?76> BMH: <AGI3A; E6> EC<6?7:7B6> HB>; ?8>A; =A9?=:C BI5A>; <AG4L:C;.



$77636EB>EI, <=:9A? E67A?; 76 67B>E6B6HBFHA> B: EILA HB:>DA?: B:C =?76E6 <A B@7

(%8#+$%8 -'+2 B:C , 8@368F <A
<

H

M=:C < A?76> @ <4H@ B><F E6> H @ BC=>EF 6=ME3>H@ M3N7 BN7 H@<A?N7 B:C =?76E6, 8@368F

<
1

1 1

M=:C A?76> B: =3FL:; BN7 B9>=3ABQ7, B: =3FL:; BN7 HA3?8N7 B@; KIH@; 8A8:<47N7 E6>

B: HJ7:3: BN7 =9:H=A3IHAN7 =:C EI7A> @ B9>=34B6 HB@ HA3?86 .

H
1

1 1

< 2

K&4'()-

': =>: H@<67B>EM E:<<IB> B@; =9:A=A5A9G6H?6; BN7 HB:>DA?N7 B:C =?76E6 =9:H=A3IHAN7

A?76> @ )'6-(?8 (sorting) =:C B:C; G?7AB6>, G>6B? C=I9D:C7 63GM9>L<:> (M=N; : HALC E6> o

ISODATA) =:C A?76> 69EABI AC6?HL@B:> HB@7 69D>EF 8>IB65@ BN7 HB:>DA?N7.

)A B@ 8>IB65@ BN7 B9>=3ABQ7 B:C =?76E6 @ =9:H=ILA>6 A?76> 76 B:=:LAB@L:J7 :> B9>=34BA;

=:C =>L67MB6B6 4D:C7 =69M<:>A; =9:H=A3IHA>; HB@7 KIH@ 8A8:<47N7 MH: B: 8C76BM7 =>:

E:7BI <AB65J B:C; HB:7 =?76E6. * 3MG:; A?76> MB> <A 6CBM7 B:7 B9M=: L6 A?76> =>: AJE:3: G>6

B:7 EILA 63GM9>L<: 76 A7B:=?HA> B>; B9>=34BA; =:C =94=A> 76 :<68:=:>@L:J7 <6R?.

&B: L4<6 B@; 8>IB65@; BN7 HB:>DA?N7 8J: A?76> :> =69I<AB9:>:

* (7#.0'3+*9 8>IB65@;, : :=:?:; A=@9AIRA> <M7: B@7 B6DJB@B6 AEB43AH@; B:C CLUE

E6> MD> B@7 =:>MB@B6 BN7 6=:BA3AH<IBN7. &B@7 =69:JH6 C3:=:?@H@ D9@H><:=:>FL@EA

: G7NHBM; 63GM9>L<:; .

': 40'-20'* 8>IB65@;, B: :=:?: A=@9AIRA> I<AH6 B@7 =:>MB@B6 BN7 6=:BA3AH<IBN7.

'9?6 FB67 B6 E9>BF9>6 8>IB65@; =:C C3:=:>FL@E67:

': =9QB: E9>BF9>: (REF, 6=M B: REFerences) 8>6BIHA> B>; B9>=34BA; HJ<PN76 B:

!"%*7'4. 1723*9 10*!1&76!&,% =:C EI7:C7 HB@ KIH@ 8A8:<47N7. ': HEA=B>EM =?HN 6=M

6CBF B@7 6=MP6H@ A?76> MB>, <A <AGI3@ =>L67MB@B6, B9>=34BA; =:C 4D:C7 B: ?8>: =A9?=:C

=3FL:; =9:H=A3IHAN7 L6 A?76> E6> B9>=34BA; =:C L6 4D:C7 =69M<:>A; =9:H=A3IHA>;,

I96 L6 =94=A> 76 B:=:LAB@L:J7 E:7BI HB:7 =?76E6 =9:H=A3IHAN7.

': 8AJBA9: E9>BF9>: (LEX, 6=M B: LEXicographically) C3:=:>A? B@ 7&?'4*#0(C'42 )'6-(?8

HB>; B9>=34BA;. ( 8>IB65@ 6CBF =9:EJ=BA> 67 LAN9FLA? @ EILA HBF3@ B:C =?76E6 N; <?6



5ADN9>HBF >8>MB@B6 (M=N; 6E9>KQ; B: 1:, B: 2:, G9I<<6 HA 345A>; =:C 8>6BIHH:7B6>

3A5>E:G96P>EI).

"7 =9>7 8>6BI5:C<A 3A5>E:G96P>EI B>; B9>=34BA;, 8>6BI5:C<A B>; HBF3A; <A PL?7:CH6

HA>9I !"%*7'4*= (0'3+*= 10*!1&76!&,%, BMBA =9:EJ=BA> 476 I33: E9>BF9>: (LEXDT, 6=M

B: LEXicographically after Data are sorted by Total number of references). &B: E9>BF9>:

6CBM @ 3A5>E:G96P>EF HA>9I AP69<MRAB6> E6> =I3>, 633I 6CBF B@ P:9I :> H@<67B>E4;

>8>MB@BA; =:C A?76> C=AJLC7A; G>6 B>; <AGI3A; 8>6P:94; HB@7 8>IB65@ (B: 9M3: <A I336

3MG>6 BN7 =9QBN7 G96<<IBN7 HB@ 3A5>E:G96P>EF 8>IB65@ 345AN7) A?76> :> HA3?8A; =:C

4D:C7 <AGI3: HC7:3>EM 69>L<M =9:H=A3IHAN7.

)>6 =696336GF B:C =696=I7N A?76> 67B? B: E9>BF9>: 8>IB65@; BN7 HA3?8N7 76 A?76> :

HC7:3>EM; 69>L<M; =9:H=A3IHAN7 HB@7 EILA <?6, 76 A?76> B: =MH: )8+*C'729 A?76> @

HCGEAE9><47@ HA3?86, 8@368F, =MHA; B9>=34BA; =9:H=A36J7:C7 B@ HA3?86 6CBF (67A−

5I9B@B6 8@368F 6=M 69>L<M =9:H=A3IHAN7). ': E9>BF9>: 6CBM :7:<IHB@EA (LEXDP,

6=M B: LEXicographically after Data are sorted by Popularity).

': B9?B: E9>BF9>: (BEA) C3:=:>A? B@7 8>IB65@ =:C =9:BA?7AB6> HB:7 (7#.0'3+* &%$0#&'(9

)&!+*=. $?76> B: E63JBA9: =:>:B>EI E9>BF9>:, 633I D9A>IRAB6> E6> 69EABM D9M7: G>6 76

:3:E3@9QHA> B@ 8>IB65@ BN7 HB:>DA?N7.

3.2.2 !"'6-.- (5$.'4.3@*

( <4B9@H@ 6=:HBIHAN7 <AB65J BN7 B9>=3ABQ7 A?76> LA<A3A>Q8@; G>6 EILA 63GM9>L<: :<68:−

=:?@H@; E6> C3:=:>FL@EA <A MH: B: 8C76BM7 =A9>HHMBA9: 6=:8:B>EM B9M=:. 13:=:>FL@E67

8J: HC769BFHA>; C=:3:G>H<:J 6=MHB6H@;: B: Pseudo Linear Dependency Metric E6> B: Vector

Distance Metric.

1 2 3 4

1 10 15 0 0
2 20 10 0 0
3 0 20 20 30
4 0 0 25 20
5 0 0 25 15

!?76E6; 3.1: !?76E6; !9:H=A3IHAN7



Pseudo Linear Dependency Metric

( =9QB@ HC7I9B@H@ <4B9@H@; 6=MHB6H@; <AB65J B9>=3ABQ7 :7:<IRAB6> Pseudo Linear

Dependency Metric (PLDM) E6> ‘‘E6BIGAB6>’’ 6=M B:7 BJ=: B@; G96<<>EF; A5I9B@H@; =>7IEN7,

633I E6B43@5A HA EIB> BA3A?N; 8>6P:9AB>EM.

&CGEAE9><476, @ 6=MHB6H@ <AB65J 8J: B9>=3ABQ7 E6> :9?RAB6> N;:

max
1

0 67 0

max 633>Q;

M=:C A?76> B: =3FL:; BN7 HA3?8N7 B@; KIH@; 8A8:<47N7, E6> A?76> B: =3FL:; BN7

=9:H=A3IHAN7 =:C @ B9>=34B6 EI7A> HB@ HA3?86 .

$JE:36 =696B@9A? E67A?; =N; >HDJA> =I7B6 MB>:

0 1

1 2 3 4 5

1 0 0.5 1 1 1
2 0.5 0 1 1 1
3 1 1 0 1 1
4 1 1 1 0 0.25
5 1 1 1 0.25 0

!?76E6; 3.2: !?76E6; 6=:HBIHAN7 PLDM

WHBN MB> : =?76E6; =9:H=A3IHAN7 A?76> 6CBM; =:C P6?7AB6> HB:7 =?76E6 3.1, M=:C AJE:36

8>6E9?7:7B6> 8J: 5ADN9>HB4; E3IHA>; <A =69M<:>A; =9:H=A3IHA>; HB@ KIH@ 8A8:<47N7 (@

<?6 E3IH@ 4DA> B>; 1 E6> 2, A7Q @ 8AJBA9@ E3IH@ 4DA> B>; 4 E6> 5), E6LQ; E6> <?6 B9>=34B6

=:C 8A7 <:>IRA> =:3J HA E6<?6 6=M B>; 8J: E3IHA>;, 633I A?76> =A9>HHMBA9: ‘‘E:7BI’’ HB@7

8AJBA9@ E3IH@.

* =?76E6; =:C 8A?D7A> B>; 6=:HBIHA>; HJ<PN76 <A B@7 HC7I9B@H@ 6=MHB6H@; PLDM L6

A?76> : 3.2. !696B@9:J<A MB> : =?76E6; A?76> HC<<AB9>EM; N; =9:; B@ 8>6GQ7>M B:C (EIB> B:

:=:?: A?76> 676<A7M<A7:) @ :=:?6 4DA> M36 B6 HB:>DA?6 ?H6 <A 0.

( HC7I9B@H@ 6=MHB6H@; PLDM A?76> >8>6?BA96 ‘‘6CHB@9F’’, 6P:J @ 6=MHB6H@ G?7AB6>

?H@ <A B@ <4G>HB@ B><F B@; ( 1), 6EM<6 E6> MB67 6=3I @ <?6 6=M B>; 8J: C=M HJGE9>H@

B9>=34BA; 4DA> =9MHK6H@ HA 476 8A8:<47: =:C 8A7 4DA> @ I33@. ( 6CHB@9MB@B6 6CB:J B:C

E9>B@9?:C D9@H><:=:>A?B6> 6=M B:7 HALC G>6 76 E6B6HEAC6HB:J7 ‘‘E634;’’ :<I8A; B9>=3ABQ7,

<A =69M<:>A; =9:H=A3IHA>; HB@ KIH@ 8A8:<47N7 E6> E6BM=>7 D9@H><:=:A?B6> B: A=M<A7:



E9>BF9>: G>6 76 HC7AD?HA> B@7 :<68:=:?@H@ E6> 76 E6B63F5A> : 63GM9>L<:; HB:7 6=6>B:J<A7:

69>L<M E3IHAN7.

!96G<6B>EI <=:9A? E67A?; 76 8A> 6=M B: =69I8A>G<6 MB> @ HC7I9B@H@ 6=MHB6H@; PDLM

A?76> 69EABI 6CHB@9F, 6P:J C=:3MG>HA 6=MHB6H@ EIBN B:C 1 <M7: <AB65J HB:>DA?N7 =:C A?76>

BA3A?N; M<:>6.

Vector Distance Metric

( 8AJBA9@ HC7I9B@H@ <4B9@H@; 6=MHB6H@; :7:<IRAB6> Vector Distance Metric (VDM) E6>

8A7 A?76> I33@ 6=M B@7 E36HH>EF ACE3A?8A>6 6=MHB6H@.

&CGEAE9><476, @ 6=MHB6H@ <AB65J 8J: B9>=3ABQ7 E6> :9?RAB6> N;:

1

2

M=:C A?76> B: =3FL:; BN7 HA3?8N7 B@; KIH@; 8A8:<47N7, E6> A?76> B: =3FL:; BN7

=9:H=A3IHAN7 =:C @ B9>=34B6 EI7A> HB@ HA3?86 .

"CBF @ HC7I9B@H@ <4B9@H@; 6=MHB6H@; LAN9A? B@7 EILA B9>=34B6 N; 476 8>I7CH<6 HA

476 −8>IHB6B: DQ9:, M=:C EILA 8>IHB6H@ 67B>HB:>DA? HB@ HA3?86 B@; KIH@; 8A8:<47N7.

1 2 3 4 5

1 0.0 11.2 37.8 36.8 34.3
2 11.2 0.0 42.2 39.0 36.8
3 37.8 42.2 0.0 22.9 25.5
4 36.8 39.0 22.9 0.0 5.0
5 34.3 36.8 25.5 5.0 0.0

!?76E6; 3.3: !?76E6; 6=:HBIHAN7 VDM

WHBN =I3> MB> : =?76E6; =9:H=A3IHAN7 A?76> 6CBM; =:C P6?7AB6> HB:7 =?76E6 3.1,

M=:C AJE:36 8>6E9?7:7B6> 8J: 5ADN9>HB4; E3IHA>; <A =69M<:>A; =9:H=A3IHA>; HB@ KIH@

8A8:<47N7 (@ <?6 E3IH@ 4DA> B>; 1 E6> 2, A7Q @ 8AJBA9@ E3IH@ 4DA> B>; 4 E6> 5), E6LQ;

E6> <?6 B9>=34B6 =:C 8A7 <:>IRA> =:3J HA E6<?6 6=M B>; 8J: E3IHA>;, 633I A?76> =A9>HHMBA9:

‘‘E:7BI’’ HB@7 8AJBA9@ E3IH@.

* =?76E6; =:C 8A?D7A> B>; 6=:HBIHA>; HJ<PN76 <A B@7 HC7I9B@H@ 6=MHB6H@; VDM L6

A?76> : 3.3. !696B@9:J<A MB> : =?76E6; A?76> HC<<AB9>EM; N; =9:; B@ 8>6GQ7>M B:C (EIB> B:

:=:?: A?76> 676<A7M<A7:), @ :=:?6 4DA> M36 B6 HB:>DA?6 ?H6 <A 0.

$JE:36 8>6=>HBQ7A> E67A?; MB> C=I9D:C7 B9A>; E6B@G:9?A; B><Q7 6=:HBIHAN7 <AB65J BN7

B9>=3ABQ7 HB:7 =?76E6 3.3:



</&-'46 +'40$9 -'+$9, (=.D. 5.0 E6> 11.2) M=:C A?76> =9:P67F; @ 67IGE@ G>6 :<68:=:?@H@

BN7 67B?HB:>DN7 B9>=3ABQ7,

</&-'46 +&#67&9 -'+$9, (=.D. 37.8 E6> 42.2) M=:C A?76> =9:P674; MB> 8A7 <=:9A? 76 C=I95A>

:<68:=:?@H@ BN7 67B?HB:>DN7 B9>=3ABQ7,

J&!(;*" +&#$3*"9 -'+$9, (=.D. 22.9 E6> 25.5) M=:C 8A7 A?76> =9:P67F; @ 6=MP6H@ =:C

=94=A> 76 =69LA?.

)A I336 3MG>6, @ ACE3A?8A>6 6=MHB6H@ 8?7A> B@ 8C76BMB@B6 76 :<68:=:>@L:J7 <6R? 6EM<6

E6> B9>=34BA; =:C <:>IR:C7 HDAB>EI 3?G:, MH:7 6P:9I B>; =9:H=A3IHA>; B:C; HB@ KIH@

8A8:<47N7.

3.2.3 K&486&.- (*(;*2.3@* − 3*-,362.3@*

&B6 HB:>DA?6 G>6 B>; =9:H=A3IHA>; =:C EI7:C7 :> 8>IP:9A; 8:H:3@T?A; HA HA3?8A; B@; KIH@;

8A8:<47N7 C=I9DA> @ 8>IE9>H@ 676G7QHAN7 (reads) / AGG96PQ7 (writes). ( 8>IE9>H@ 6CBF

8>6B@9A?B6> MB67 E6B6HEACIRAB6> : =?76E6; =9:H=A3IHAN7 (HDF<6 3.2) E6LQ; E6> HA M3A; B>;

=9I5A>; =:C G?7:7B6> =I7N HB:7 =?76E6 (=.D. AJ9AH@ <4HN7 M9N7 HB>; =9:H=A3IHA>; HA <?6

HA3?86).

&B:7 C=:3:G>H<M BN7 6=:HBIHAN7, :> 8J: 8>6P:9AB>E4; B><4; =9:H=A3IHAN7 (I33@ G>6

676G7QHA>; E6> I33@ G>6 AGG96P4; HB@7 ?8>6 HA3?86) A7Q7:7B6 HA 476 7:J<A9: E6> D9@H>−

<:=:>:J7B6> G>6 76 G?7:C7 :> M=:>A; HCGE9?HA>;. ( B><F 6CBF C=:3:G?RAB6> <A KIH@ HDAB>EI

KI9@, E6> HCGEAE9><476 HJ<PN76 <A B:7 BJ=::

HJ7:3: =9:H=A3IHAN7
K6 &6 KA &A

K6 KA
2

2
K6 &6 KA &A

K6 KA

M=:C &6 A?76> B: HJ7:3: BN7 676G7QHAN7,

&A A?76> B: HJ7:3: BN7 AGG96PQ7,

K6 A?76> B: HDAB>EM KI9:; BN7 676G7QHAN7,

KA A?76> B: HDAB>EM KI9:; BN7 AGG96PQ7.

( 8>IE9>H@ <AB65J 676G7QHAN7 E6> AGG96PQ7, AEBM; 6=M B@7 8>6P:9I HB@7 K69JB@B6

E6BI B@7 AJ9AH@ B:C HC7M3:C =9:H=A3IHAN7, <=:9A? 76 4DA> E6> I33@ D9@H><MB@B6. )A

B: 76 C=I9D:C7 5ADN9>HBI HB:>DA?6 G>6 B>; 676G7QHA>; E6> B>; AGG96P4;, <=:9:J7 AJE:36

76 A7B:=>HB:J7 :> =A9>=BQHA>; HA3?8N7 =:C =9:H=A36J7:7B6> <M7: G>6 67IG7NH@ (read−only

pages), EIB> B: :=:?: <=:9A? 76 K:@LFHA> B:7 63GM9>L<: HA :9>H<47A; =A9>=BQHA>; (K34=A

+API36>: 5).



3.2.4 G0;+6&#,$&

( D9FH@ B@; G3QHH6; =A9>G96PF; =A>96<IBN7 A=4B9ATA B@7 D9FH@ =:33Q7 8>6P:9AB>EQ7

63G:9?L<N7 :<68:=:?@H@; HB: =A9>KI33:7 B:C CLUE . WBH>, AEBM; 6=M B:7 HALC (G>6 B:7

:=:?: L6 C=I9DA> 3A=B:<A9F; =A9>G96PF HB: A=M<A7: C=:EAPI36>:), C3:=:>FL@EA A=>=34:7

: 63GM9>L<:; Bond Energy, E6> : 63GM9>L<:; ISODATA.

3.3 E 3:6-,('&8+/ (0;+6&#,$/ HALC

*63GM9>L<:; HALC (6=M B:Heuristic Algorithm for Clustering)2 A?76> 476;6=3M;E6> G9FG:9:;

AC9@<6B>EM; 63GM9>L<:; G>6 :<68:=:?@H@ 8:H:3@T>Q7 <A =69M<:>6 D696EB@9>HB>EI PM9B:C

A9G6H?6;.

( :<68:=:?@H@ =:C EI7A> A?76> ("-.+(-83 <A B@7 477:>6 MB> @ 6=MHB6H@ :<68:=:?@H@;

676=9:H69<MRAB6> 6=M B:7 ?8>: B:7 63GM9>L<: E6> MD> 6=M EI=:>:7 A5NBA9>EM =69IG:7B6. *

63GM9>L<:; A?76> HCGDN7ACB>EM;:

"9D>EI, M3A; :> B9>=34BA; 6=:BA3:J7 <>6 E3IH@ @ EILA <?6 5ADN9>HBI E6> HA EILA A=67I3@T@

(iteration) B:C 63GM9>L<:C A7:=:>:J7B6> :> E3IHA>; <A =69M<:>A; =9:H=A3IHA>;, QH=:C 76

E6B63F5A> : 63GM9>L<:; HA BMHA; E3IHA>;, MHA; A?DA R@BFHA> : D9FHB@;.

OJ: 5ADN9>HB4; PIHA>; AEBA3:J7B6> HA EILA A=67I3@T@ B:C 63G:9?L<:C:

1. ': L(!'4. L2+( A+()*1*;8!89 (Elementary Clustering Step, F ECStep), B: :=:?: A?76> 476

=496H<6 (scan) 6=M M3A; B>; B9>=34BA; <>6 P:9I E6> @ A7:=:?@H@ HB@7 ?8>6 E3IH@ 6CBQ7

=:C 6=4D:C7 3>GMBA9: 6=M B@7 B94D:CH6 6=MHB6H@ :<68:=:?@H@; (clustering distance)

@ :=:?6 8>6B@9A?B6> HB6LA9F HA M3@ B@ 8>I9EA>6 B:C ECStep.

2. * &1(%(10*!)'*0'!+.9 -89 (1.!-(!89 *+()*1*;8!89 (RACDIN, 6=M B:Re−Adjust Clustering

Distance If Necessary), HJ<PN76 <A EI=:>6 E9>BF9>6. &B@ PIH@ 6CBF =6?97AB6> A=?H@; @
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=9:@G:J<A7@; E6> 76 BA9<6B?HA> @ 8>68>E6H?6 A=676=9:H8>:9>H<:J B@;.
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'43:;, A7HN<6BQL@EA HB:7 63GM9>L<: @ 477:>6 B@; =9:H4GG>H@; HB:7 BA3>EM HBMD:. )A

6CBM B:7 B9M=:, MB67 : HALC A?76> E:7BI HB:7 BA3>EM HBMD: (=.D. B: =3FL:; BN7 E3IHN7
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63GM9>L<:; K9?HEAB6> E:7BI HB:7 69D>EM HBMD:.

3.4 C0$5$<-.-

3.4.1 I3*&84

( C3:=:?@H@ :3ME3@9:C B:C CLUE (E6> B:C 63G:9?L<:C HALC ) 4G>7A A5 :3:E3F9:C HA

ANSI−C <A B@ K:FLA>6 BN7 A9G63A?N7 Lex E6> Yacc. &CGEAE9><476, B: CLUE <AB6P9IHB@EA

<A gcc (version 2.3.3) E6> 8:E><IHB@EA HA C=:3:G>HB4; SUN SparcStations.

( A=>3:GF B@; G3QHH6; C 4G>7A G>6 B9A>; EC9?N; 3MG:C;:

1. 1=F9DA 69EABF A<=A>9?6 HB:7 =9:G96<<6B>H<M HB@7 G3QHH6 6CBF 6=M M3:C; MH:C;

6HD:3FL@E67 <A B: CLUE .

2. ( C 8?7A> B@ 8C76BMB@B6 G>6 B@ HCGG96PF G9FG:9N7 E6> 6=:8:B>EQ7 =9:G96<<IBN7,

EIB> B: :=:?: A?76> 6=696?B@B: MB67 E67A?; 4DA> 76 67B><ABN=?HA> BA9IHB>:C; MGE:C;

8A8:<47N7 A>HM8:C.

3. 1=I9DA> B: 8>AL74; =9MBC=: G>6 B@ G3QHH6 C, :=MBA @ =9:H=ILA>6 <AB6P:9I; B:C

CLUE HA I33A; C=:3:G>HB>E4; =36BPM9<A; 8A7 L6 A?76> BMH: 8JHE:3@.

( D9FH@ BN7 Lex E6> Yacc K:FL@HA =I96 =:3J HB@7 C3:=:?@H@ :3ME3@9:C B:C =A9>−

KI33:7B:;, 6P:J 6=3:CHBAJB@EA E6BI =:3J @ 3A5>E:G96P>EF 67I3CH@ E6> @ A9<@7A?6 BN7

A7B:3Q7 B:C D9FHB@.

3.4.2 =<*(8(/ =6$.5304.3@*

': =9QB: =9MK3@<6 =:C A<P67?HB@EA HB@7 69D>EF C3:=:?@H@ FB67 B: =9MK3@<6 <7F<@;.

&CGEAE9><476, A<P67?R:7B67 @ 67IGE@ G>6 <AGI3A; =A9>:D4; <7F<@; QHBA 76 DN94HA> :

=?76E6; =9:H=A3IHAN7 <A =96G<6B>EI 8A8:<476 E6> 8A7 C=F9D67 8>6L4H><A;.

'6 BC=>EI <AG4L@ FB67 2,000 B9>=34BA; E6> 50,000 HA3?8A; B@; KIH@; 8A8:<47N7 B: :=:?:

D9A>IRAB6> 67 6=:L@EACLA? HA 4767 HC7@L>H<47: 8>H8>IHB6B: =?76E6 =A9? B6

2 000 50 000 8 800

B: :=:?: A?76> A5NP9A7>EI <AGI3: (B:C3ID>HB:7 G>6 76 8:LA? <A 476 A7>6?: E:<<IB> B@; EJ9>6;

<7F<@;).

OJ: =696B@9FHA>; 48NH67 B@ 3JH@:



OA7 D9A>IR:7B6> M3A; :> G96<<4; B:C =?76E6 (B9>=34BA;) HB@7 EJ9>6 <7F<@ B:C C=:−

3:G>HBF B@7 ?8>6 D9:7>EF HB>G<F. "CBM HC<K6?7A>, G>6B? :> M=:>A; HCGE9?HA>; G?7:7B6>

<4H6 HB6 "1*B2+(-(, 8@368F HB6 B<F<6B6 AEA?76 BN7 K6H>EQ7 K@<IBN7 :<68:=:?@H@;,

M=:C G?7AB6> @ A=A5A9G6H?6 A7M; <M7: 8>6HBF<6B:; B9>=3ABQ7.

)A I336 3MG>6, HA :=:>68F=:BA D9:7>EF HB>G<F 6=6>B:J7B6> 6=M B:7 63GM9>L<: <M7:

:> G96<<4; =:C 67B>HB:>D:J7 HB>; B9>=34BA; B:C )'(!-2+(-*9 "1. &1&?&0#(!;(.

'6 =A9>HHMBA96 HB:>DA?6 <>6; G96<<F; A?76> <@8A7>EI, 6P:J @ EILA B9>=34B6 4DA>

=9:H=A3IHA>; HA 476 =:3J <>E9M B<F<6 B@; KIH@;. O@368F : =?76E6; A?76> (0('.9.

 #reads

D1 D2 Dj Dm

T1

T2

Tn

Ti #writes

&DF<6 3.6: "96>M; !?76E6; !9:H=A3IHAN7

WBH> C3:=:>FL@EA BA3>EI : =?76E6; =9:H=A3IHAN7 N; 8C76<>EF 8:<F 8A8:<47N7 <A 6=3I

HC78A8<47A; 3?HBA; HJ<PN76 <A B>; G96<<4; 633I E6> HJ<PN76 <A B>; HBF3A; (HDF<6 3.6).

': K6H>EM =3A:74EB@<6 B@; =9:H4GG>H@; 6CBF; A?76> MB> BQ96 =34:7 8A7 C=I9DA> =9M−

K3@<6 <7F<@;, 6P:J <A B: 76 ‘‘H=I<A’’ B>; 6=6>BFHA>; HA <7F<@ HA <>E9I E:<<IB>6, 6EM<6 E6>

67 8A7 C=I9DA> 69EABF EJ9>6 <7F<@, L6 C=I9DA> 69EABF 8ACBA9AJ:CH6 <7F<@ (swap memory).

': K6H>EM <A>:74EB@<6 B@; =9:H4GG>H@; 6CBF; M<N; A?76> @ <A?NH@ B@; B6DJB@B6;

=9MHK6H@; HA :=:>:8F=:BA H@<A?: B:C =?76E6, 6P:J 6PA7M; L6 =94=A> E67A?; 76 8>6B945A>



<>6 3?HB6 E6> 6PAB49:C <=:9A? B: HCGEAE9><47: H@<A?: 76 4DA> HNLA? HB: HE3@9M 8?HE: (76

A?76> 8@368F swapped−out).

!69M36 6CBI, 6EM<6 E6> 67 : HCGEAE9><47:; 63GM9>L<:; 8A7 4DA> B@7 676<A7M<A7@

HC<=A9>P:9I HB@ 8>IB65@ BN7 =9:HKIHAN7 HB:7 =?76E6 =9:H=A3IHAN7, B: EMHB:; L6 A?76>

<M7: HB@7 B6DJB@B6 E6> MD> HB@7 :9LMB@B6 BN7 8A8:<47N7, 6P:J 6=3I B6 8A8:<476 =:C 8A7

C=I9D:C7 HB@7 EJ9>6 <7F<@ L6 C=I9D:C7 HB: HE3@9M 8?HE:.

'43:;, <>6 <4H@ 3JH@ HB: =9MK3@<6 B@; <A>N<47@; B6DJB@B6; A?76> @ 6CBM<6B@ A=>3:GF

B@; E36HH>EF; 8:<F; 8A8:<47N7 =?76E6 HA =A9?=BNH@ =:C :> 8>6HBIHA>; B:C =9:K3F<6B:; B:

A=>B94=:C7 (=.D. G>6 HC7LAB>EI =A>9I<6B6). )A B:7 B9M=: 6CBM @ MD> >8>6?BA96 G9FG:9@ 3JH@

(B@; C3:=:?@H@; <A 6=3I HC78A8A<47A; 3?HBA;) AP69<MRAB6> <M7: HB@7 =A9?=BNH@ =:C 8A7

<=:9A? 76 G?7A> 8>6P:9AB>EI.

3.4.3 I02..( =36&;6(9B/ =3&6(,4'@*

"=M B@7 69DF FB67 P67A9M MB> <A B: CLUE L6 4=9A=A 76 8>A56DL:J7 =:33I =A>9I<6B6 G>6

76 HC33AGG:J7 <AB9FHA>; E6> 76 A56DL:J7 EI=:>6 6=:BA34H<6B6. $=A>8F :> =69I<AB9:> BMH:

B:C HALC MH: E6> B:C C=M3:>=:C =A9>KI33:7B:; FB67 69EAB4;, @ >846 B@; C3:=:?@H@; <>6;

G3QHH6; =A9>G96PF; =A>96<IBN7 E6> @ D9@H><:=:?@HF B@; F9LA G9FG:96 HB@7 A=>PI7A>6.

)A B@ D9FH@ EI=:>6; B4B:>6; G3QHH6; 6PA7M; C=I9DA> <AGI3@ ACE:3?6 HB@7 6336GF

=696<4B9N7 DN9?; B@7 AE 74:C <ABIP96H@ B:C =9:G9I<<6B:;, E6> 6PAB49:C 8>ACE:3J7AB6> @

67IGE@ G>6 6CBM<6B@ BAE<@9?NH@ MHN7 =A>96<IBN7 G?7:7B6>.

( G3QHH6 =A9>G96PF; =A>96<IBN7 (M=N; 6CBF C3:=:>FL@EA BA3>EI) 8?7A> B>; A5F; 8C76−

BMB@BA; :

':7 :9>H<M M3N7 BN7 =696<4B9N7 E6> B:C 63GM9>L<:C :<68:=:?@H@; =:C L6 D9@H><:−

=:>@LA?.

'@7 A=>3:GF B:C A?8:C; E6> B@; HA>9I; BN7 K@<IBN7 =9:A=A5A9G6H?6;.

'@7 AEB43AH@ <A9>EQ7 <M7: A=6763FTAN7 B:C 63GM9>L<:C E6> B@7 6=:LFEACH@ BN7

<A9>EQ7 6=:BA3AH<IBN7 HA EI=:>: 69DA?: HB: 8?HE:.

'@7 A=>3:GF B@; E3IH@; K:@L@B>EQ7 HD:3?N7 =:C L43A> : D9FHB@; 76 A<P67?R:−

7B6> E6BI B@7 AEB43AH@ B:C =9:G9I<<6B:; (=A9>HHMBA9A; 3A=B:<49A>A; HB@7 A=M<A7@

=69IG96P:).

'@7 A<PI7>H@ EI=:>N7 =9:E6L:9>H<47N7 <@7C<IBN7 G>6 76 =696E:3:CLA?B6> @ =:9A?6

AEB43AH@; B:C =A>9I<6B:;.



':7 :9>H<M D9:7:HP96G?8N7 (timestamps) <A B>; :=:?A; <=:9A? 76 G?7A> @ D9:7:<4B9@H@

BN7 8>6PM9N7 HB68?N7 B:C =A>9I<6B:;.

2>6 <>6 =3F9@ 3?HB6 BN7 A7B:3Q7 B@; G3QHH6; =A9>G96PF; =A>96<IBN7 : 676G7QHB@;

=696=4<=AB6> HB: !69I9B@<6 2.

3.4.4 H$-#-'&84 ,-*F,('(

"9EABF 8:C3A>I 4G>7A E6> HB:7 B:<46 BN7 K:@L@B>EQ7 <@7C<IBN7. $EBM; 6=M B@7 HCGG96PF

<>6; =696<AB9>EF; K>K3>:LFE@; A<PI7>H@; <@7C<IBN7, C3:=:>FL@EA E6> : 8>6DN9>H<M; HA

8>IP:9A; E3IHA>; K:@L@B>EQ7 <@7C<IBN7. &J<PN76 <A 6CBM B: 8>6DN9>H<M 4D:C7 8@<>:C9G@−

LA? 69EAB4; E6B@G:9?A; <@7C<IBN7 67I3:G6 <A B: A?8:; B:C; (HCGEAE9><476 67 A?76> <@7J<6B6

C=:3:G>H<:J 6=:HBIHAN7, DN9>H<:J 8>6HB@<IBN7, 9:F; B:C 63GM9>L<:C, A=676=9:H8>:9>−

H<:J B@; 6=MHB6H@; :<68:=:?@H@;, E.:.E.). +ILA K:@L@B>EM <F7C<6 67FEA> HA <?6 6=M 6CB4;

B>; E3IHA>; E6> 67I3:G6 <A B: HCGEAE9><47: =A?96<6 (67 8@368F 4DA> :9>HBA? HB@ G3QHH6

=A9>G96PF; =A>96<IBN7 MB> @ HCGEAE9><47@ E3IH@ K:@L@B>EQ7 <@7C<IBN7 L6 =94=A> 76

BC=Q7AB6>) A<P67?RAB6> F MD>, DN9?; K4K6>6 76 D9A>6HBA? 76 G?7A> AE 74:C <ABIP96H@ B:C

=9:G9I<<6B:;.

3.4.5 !3'(936.&,+'-'(

&@<67B>EF 8:C3A>I, B43:;, 4G>7A E6> HB:7 B:<46 B@; <AB6PA9H><MB@B6;. ( <AB6PA9H><MB@B6

A=>BAJDL@EA A7 <49A> 6=M B@7 A=>3:GF B@; G3QHH6; =9:G96<<6B>H<:J E6> B@ D9FH@ BN7 Lex

E6> Yacc.

%8>6?BA96, @ D9FH@ BN7 Lex E6> Yacc 8>ACE:3J7:C7 =:3J B@7 M=:>6 =>L67F 6336GF HB@

G3QHH6 =A9>G96PF; =A>96<IBN7, 633I E6> B>; :=:>AH8F=:BA <A33:7B>E4; A=AEBIHA>;.

$EBM; M<N; 6=M B@ HC<<M9PNH@ <A B: =9MBC=: ANSI−C G>6 76 <=:9:J7 76 <AB6P96HB:J7

B6 =9:G9I<<6B6 E6> HA I33A; C=:3:G>HB>E4; =36BPM9<A; D9A>IHB@E67 EI=:>A; A=>=34:7

B9:=:=:>FHA>; E6> EC9?N; C=M HC7LFE@ <AB6P96HB>E:? E67M7A; (ifdef statements). '43:;,

6=696?B@B@ FB67A @ D9FH@ =9NB:BJ=N7 BN7 HC769BFHAN7 (function prototypes).



?3940(&$ 4

=3&64,('(

&A M3A; B>; =A9>=BQHA>; :<68:=:?@H@; PM9B:C A9G6H?6;, A?BA :> <:7I8A; =:C :<68:=:>:J7B6>

A?76> 8:H:3@T?A;, A?BA A?76> =9:G9I<<6B6, A?BA A?76> 8>68>E6H?A;, B: EJ9>: =9MK3@<6 %3*

A?76> B: 76 G?7A> <>6 :<68:=:?@H@ (6P:J =I7B6 =9:EJ=BA> <>6 :<68:=:?@H@ BN7 69D>EQ7

HB:>DA?N7), 633I : 43AGD:; B@; AGEC9MB@B6; F B:C3ID>HB:7 @ 67B>EA><A7>EF 65>:3MG@H@ BN7

6=:BA3AH<IBN7.

&B@7 A9G6H?6 6CBF 6E:3:CLFL@E67 8J: E6BACLJ7HA>; MH:7 6P:9I B@7 65>:3MG@H@ BN7

6=:BA3AH<IBN7. "PA7M; 8@<>:C9GFL@EA 476 A9G63A?: ( TSG ) G>6 B@7 =696HEACF HC7LAB>EQ7

>D7Q7 HCGEAE9><47N7 =9:8>6G96PQ7 <A HE:=M B@7 A=63FLACH@ BN7 6=:BA3AH<IBN7 E6>

6PAB49:C C3:=:>FL@EA <>6 <AL:8:3:G?6 65>:3MG@H@; BN7 6=:BA3AH<IBN7 B:C CLUE G>6

=96G<6B>EI 8A8:<476.

4.1 A:*#3'&8B 5(6(;@;B &7*2*

': TSG (6=M B: Test Suite Generator) A?76> 476 A9G63A?:, B: :=:?: KIHA> <>6; 6=3F; G3QHH6;

=9:8>6G96PQ7 E6B6HEACIRA> HC7LAB>EI ?D7@, B6 :=:?6 D9@H><:=:>:J7B6> N; A?H:8:; HB:

CLUE .

$?76> =:3J H@<67B>EM G>6B? 6PA7M; B6 ?D7@ 6=M =96G<6B>E4; AP69<:G4; A?76> A56>9AB>EI

=:3J=3:E6, GAG:7M; =:C EI7A> B@7 65>:3MG@H@ BN7 6=:BA3AH<IBN7 >8>6?BA96 8JHE:3@, E6>

6PAB49:C B6 ?D7@ 6=M =96G<6B>E4; AP69<:G4; A?76> HC7FLN; =:3J <AGI36, :=MBA :> D9M7:>

AEB43AH@; A?76> 69EABI <AGI3:> (EC9?N; G>6 B:C; I33:C; 63GM9>L<:C; E6> MD> G>6 B: HALC ).

': TSG 4DA> B@7 ?8>6 ‘‘67B?3@T@’’ <A B: CLUE G>6 B:7 =?76E6 =9:H=A3IHAN7 =:C

E6B6HEACIRA>. O@368F :> B9>=34BA; 67B>HB:>D:J7 HA G96<<4; E6> :> HA3?8A; B@; KIH@;

8A8:<47N7 67B>HB:>D:J7 HA HBF3A;. -9@H><:=:>A? 476 69DA?: =A9>G96PF; HC7LAB>EQ7 >D7Q7

N; E67M76 G>6 B: 69DA?: >D7Q7 =:C =9MEA>B6> 76 =69IGA>.

'6 K6H>EI HB:>DA?6 =:C D9A>IRAB6> 76 549A> B: TSG (E6> HC7FLN; A?76> B6 =9QB6 =:C

55



=9:H8>:9?R:7B6> HB: 69DA?: =A9>G96PF; HC7LAB>EQ7 >D7Q7) A?76> B: =3FL:; BN7 8:H:3@T>Q7,

BA9<6B>EQ7, D9@HBQ7 E6> HA3?8N7 KIH@; 8A8:<47N7 =:C L6 =A9>4DA> B: BA3>EM ?D7:;.

j

i

nT

T

T3

T2

T1

1B B B3 B Bk2T
DB

&DF<6 4.1: !?76E6; !9:H=A3IHAN7 HB: TSG

+6BM=>7, =9:H8>:9?R:7B6> 476−476, =69633@3MG96<<6 HB:7 =?76E6 =9:H=A3IHAN7, B6

:=:?6 67B>HB:>D:J7 HA =A9>:D4; =:C L6 =94=A> B: TSG 76 ‘‘GA<?HA>’’ <A =9:H=A3IHA>;

(K34=A HDF<6 4.1). ( =A9>G96PF B:C =69633@3:G9I<<:C A?76> >8>6?BA96 6=3F, 6P:J 69EA?

76 =9:H8>:9?HA> E67A?; B:7 A3ID>HB: 69>L<M B9>=34B6; E6> B: <4G>HB: (:=MBA =9:H8>:9?RA>

=3F9N; B>; G96<<4; =:C L6 4DA> @ =A9>:DF) E6> :<:?N; B:7 A3ID>HB: E6> B:7 <4G>HB: 69>L<M

HA3?8N7 B@; KIH@;.

'43:;, >8>6?BA9: 9M3: 4D:C7 EI=:>A; =69I<AB9:> =:C <=:9:J7 76 633I5:C7 EI=N; B@

HC<=A9>P:9I B:C TSG .

( =9QB@ =69I<AB9:; 4DA> 76 EI7A> <A B:7 B9M=: =:C G?7AB6> @ A=>3:GF A7M; 69>L<:J

=9:H=A3IHAN7 <A B:7 :=:?: L6 676BALA? 476 H@<A?: HB:7 =?76E6 =9:H=A3IHAN7. *> 8C76B4;

A=>3:G4; HB@7 =A9?=BNH@ 6CBF A?76> 8J::

#6 A?76> : 69>L<M; !-(3&0.9 G>6 M3: B: =69633@3MG96<<: =:C =9MEA>B6> 76 GA<?HA>.

#6 A?76> : 69>L<M; -"/(;*9, E6> 76 4DA> =9:H8>:9>HBA? 6=3I B: 8>IHB@<6 <4H6 HB: :=:?:



A=>B94=AB6> 76 =I9A> B><4;.

( 8AJBA9@ =69I<AB9:; 4DA> 76 EI7A> <A B: B9M=: =:C 67B><ABN=?R:7B6> =:334; B><4; G>6

=9:H=A3IHA>; HB: ?8>: H@<A?: B:C =?76E6 =9:H=A3IHAN7:

1=I9DA> @ =A9?=BNH@ EILA 746 B><F 76 6L9:?RAB6> <A B@7 B><F =:C =9:]=F9DA.

1=I9DA> @ =A9?=BNH@ EILA 746 B><F 76 AEDN9A?B6> 6=ACLA?6; HB: HCGEAE9><47: H@<A?:

B:C =?76E6, 676>9Q7B6; B>; =9:@G:J<A7A;,

( B9?B@ =69I<AB9:; B43:;, E67:7?RA> B@7 1"4%.-8-( B:C =696GM<A7:C ?D7:C;. )A B:7

M9: =CE7MB@B6 A77:A?B6> B: =3FL:; BN7 <@ <@8A7>EQ7 =9:H=A3IHAN7 4767B> B:C HC7:3>E:J

=3FL:C; HA <?6 =69633@3MG96<<@ =A9>:DF. 2>6 =69I8A>G<6 HA <>6 =69633@3MG96<<@

=A9>:DF 8>6HBIHAN7 20 10 E6> <A =CE7MB@B6 10%, <M3>; B6 200 10% 20 HB:>DA?6 L6

4D:C7 <@ <@8A7>EF B><F, 4767B> BN7 2000 HB:>DA?N7 E67:7>EI.

( =69I<AB9:; B@; =CE7MB@B6; 4DA> A>H6DLA? G>6 76 <=:94H:C7 76 E6B6HEAC6HB:J7

HC7LAB>EI ?D7@ MH: B: 8C76BM7 =>: E:7BI HB6 =96G<6B>EI, M=:C :> =9:H=A3IHA>; A?76> A5?H:C

‘‘696>4;’’.

4.2 AF;86&.- & ()&$0+;-.- $,(%$5$&B.3@*

4.2.1 AF;86&.- $,(%$5$&B.3@*

1=I9D:C7 8J: 8>68A8:<47:> B9M=:> G>6 76 HCGE9?7A> E67A?; 8J: 8>6P:9AB>E4; :<68:=:>FHA>;

B:C ?8>:C HC7M3:C 8A8:<47N7 ([And73]).

( =9QB@ <4L:8:; K6H?RAB6> HB@7 E6B6HEACF A7M; 1;%(4( &##=-8-(9 (contingency table). *

=?76E6; 6CBM;, B@ GA7>EF <:9PF B:C :=:?:C K34=:C<A HB: HDF<6 4.1, =A9>4DA> HB@7 EILA

L4H@ B:C B: =3FL:; BN7 M<:>N7 HB:>DA?N7 <AB65J BN7 8J: E3IHAN7. )A I336 3MG>6, B:

=A9>4DA> B: =3FL:; BN7 E:>7Q7 H@<A?N7 <AB65J BN7 :<I8N7 E6> .

"P:J E6B6HEAC6HBA? : =?76E6; AGGJB@B6;, C=:3:G?RAB6> : 43AGD:; B:C D2, M=:C G>6 B@

GA7>EF =A9?=BNH@ A?76>:

D2

1 1

2

1

B: :=:?: M<N; 6C5I7AB6> <A B@7 6J5@H@ B:C , :=MBA 8A7 4DA> M9>6. )>6 <A9>EF 3JH@ HB:

=9MK3@<6 6CBM A?76> @ D9FH@ B:C <4H:C BAB96GQ7:C AGGJB@B6;, B: :=:?: :9?RAB6> N;:

V2 D2

WHBN G>6 =69I8A>G<6 8J: 8>6P:9AB>E4; 8>6<A9?HA>; A7M; HC7M3:C 15 HB:>DA?N7:

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15



B 1 2 q HJ7:36
A

1 11 12 1 1

2 21 22 2 2
...
p 1 2

HJ7:36 1 2

!?76E6; 4.1: 2A7>EF <:9PF =?76E6 AGGJB@B6;

* =?76E6; AGGJB@B6; G>6 B: =69I8A>G<6 6CBM P6?7AB6> HB: HDF<6 4.2, E6> 4D:C<A

D2 15
32

5 3
22

5 2
12

4 4
22

4 2
12

4 4
32

3 4
32

3 4
1

255
8

31 875

1 2 3 4 5 6 10 11 12 7 8 9 13 14 15 HJ7:36

1 2 3 3 0 0 0 3
4 5 2 0 0 0 2

6 7 8 9 0 1 3 0 4
10 11 0 2 0 0 2

12 13 14 15 0 1 0 3 4

HJ7:36 5 4 3 3 15

!?76E6; 4.2: !69I8A>G<6 =?76E6 AGGJB@B6;

( 8AJBA9@ <4L:8:; K6H?RAB6> HB: =N; ‘‘<AB6DA>9?R:7B6>’’ :> 8J: C=M HJGE9>H@ 8>6<A9?HA>;

476 RACGI9> HB:>DA?N7. YH@ <AB6DA?9>H@ 4D:C<A MB67 G>6 =69I8A>G<6 E6> B6 8J: HB:>DA?6

B:C RACG69>:J K9?HE:7B6> HB@7 ?8>6 :<I86 E6> HB>; 8J: 8>6<A9?HA>;, F MB67 K9?HE:7B6>

HA 8>6P:9AB>E4; :<I8A; E6> HB>; 8J: 8>6<A9?HA>;. O>6P:9AB>EF <AB6DA?9>H@ 4D:C<A MB67

B6 8J: HB:>DA?6 B:C RACG69>:J K9?HE:7B6> <6R? HB@ <?6 8>6<49>H@ E6> 5ADN9>HBI HB@7 I33@

8>6<49>H@. ': <4B9: :<:>MB@B6; BN7 8J: 8>6<A9?HAN7 >H:JB6> <A B: =3FL:; BN7 RACG69>Q7 =:C

4D:C7 M<:>6 67B><ABQ=>H@ 8>I B:C =3FL:C; BN7 8C76BQ7 HC78C6H<Q7 RACG69>Q7 HB:>DA?N7.

WHBN 476 =69I8A>G<6 HC7M3:C 6 HB:>DA?N7 1 2 3 4 5 6 , G>6 B: :=:?: C=I9D:C7 8J:

8>6P:9AB>E4; 8>6<A9?HA>;:

1 2 3 4 5 6

1 3 4 5 2 6



'6 RACGI9>6 HB:>DA?N7 =:C 4D:C7 67M<:>6 <AB6DA?9>H@ HB>; 8J: 8>6<A9?HA>; E6> A?76>

B6 : 1 2 , 2 3 , 2 6 , 4 6 , E6> 6 6 . ’$BH>, B: <4B9: B@; :<:>MB@B6; A?76> ?H: <A:
5

15
1
3 66 6%.

4.2.2 G)&$0+;-.- $,(%$5$&B.3@*

* =>: H?G:C9:; B9M=:;, G>6 76 65>:3:GFHA> E67A?; B6 6=:BA34H<6B6 B@; :<68:=:?@H@;

8:H:3@T>Q7 <A KIH@ B@ HCGG47A>6 HA 8A8:<476, A?76> 76 B6 B9:P:8:BFHA> HA 476 10(#+(-'4.

!=!-8+( E6B67A<@<47@; A=A5A9G6H?6; 8:H:3@T>Q7 E6> 76 =696B@9FHA> B@7 KA3B?NH@ HB>;

A=>8MHA>; B:C HCHBF<6B:;. &CGEAE9><476, B6 6=:BA34H<6B6 B@; :<68:=:?@H@; L6 =94=A> 76

D9@H><:=:>@L:J7 6PA7M; HB@ PIH@ B@; 8>6<49>H@; B@; KIH@; 8A8:<47N7 HB:C; 8>IP:9:C;

EM<K:C; B:C HCHBF<6B:; E6> 6PAB49:C HB:C; 63GM9>L<:C; 89:<:3MG@H@; 8:H:3@T>Q7.

$33A?TA> =96G<6B>E:J HCHBF<6B:;, @ D9FH@ =9:H:<:>NBF A?76> A5?H:C E63F >846. \H:

=>: 3A=B:<A9F; @ =9:H:<:?NH@, BMH: =>: E:7BI HB: =96G<6B>EM HJHB@<6 L6 K9?HEAB6> E6>

I96 BMH: =>: 65>M=>HB6 L6 A?76> B6 HC<=A9IH<6B6 =:C L6 KGI3A> E67A?; G>6 B@7 =:>MB@B6

BN7 6=:BA3AH<IBN7 B@; :<68:=:?@H@;. )?6 6=M B>; <A33:7B>E4; E6BACLJ7HA>; 6CBF; B@;

A9G6H?6; A?76> E6> @ =9:H=ILA>6 D9FH@; B:C =9:H:<:>NBF ([MN95a]), : :=:?:; A?76>

476; =9:H:<:>NBF; G>6 E6B67A<@<476 HJHB@<6B6 A=A5A9G6H?6; 8:H:3@T>Q7.

( B9?B@ =9:H4GG>H@ HB: L4<6 B@; 65>:3MG@H@; BN7 6=:BA3AH<IBN7 B@; :<68:=:?@H@;

A?76> <4HN <>6; 67B>EA><A7>EF; HC7I9B@H@; EMHB:C;, M=N; =9:BIL@EA HB: [CMVN92]. (

HC7I9B@H@ 6CBF :7:<IRAB6> Partition Evaluator E6> A?76> @ A5F;:

2 2

M=:C 2 A?76> B: EMHB:; =9:H=436H@; IHDABN7 B:=>EQ7 >8>:BFBN7, E6>
2 A?76> B: EMHB:; =9:H=436H@; HDAB>EQ7 6=:<6E9CH<47N7 >8>:BFBN7.

O@368F HB: 67B676E3IB6> BMH: @ =:HMB@B6 BN7 6=:<6E9CH<47N7 =9:H=A3IHAN7 =:C L6

4=9A=A 76 A?76> B:=>E4; G>6 76 KA3B>NLA? @ A=?8:H@ B:C HCHBF<6B:;, MH: E6> @ =:HMB@B6 BN7

8A8:<47N7 =:C A?76> B:=>EI, A7Q L6 <=:9:JH67 76 A?76> 6=:<6E9CH<476.

'6 =9:K3F<6B6 =:C =69:CH>IRA> 6CBF @ =9:H4GG>H@ A?76> EC9?N; @ 67I<A>5@ =:33Q7

8>6P:9AB>EQ7 =696<4B9N7 HA <?6 <M7: HC7I9B@H@ EMHB:C; (=.D. B:7 B9M=: <A B:7 :=:?:

<:>9IR:7B6> B6 8A8:<476 HB:C; 8>IP:9:C; EM<K:C;, B:7 B9M=: <A B:7 :=:?: <:>9IR:7B6> :>

8:H:3@T?A; HB:C; 8>IP:9:C; EM<K:C;) EIB> B: :=:?: H@<6?7A> MB> <=:9A? B6 HC<=A9IH<6B6

76 <@7 >HDJ:C7 G>6 B@ GA7>EF =A9?=BNH@.

'43:;, 476; E36HH>EM; 43AGD:; G>6 B@7 =:>MB@B6 BN7 =696GM<A7N7 :<68:=:>FHAN7 A?76>

: $7&#/*9 -*" D2[JD88]). X6H?RAB6> HB: GAG:7M; MB> @ A36D>HB:=:?@H@ B:C BAB96GN7>E:J



3IL:C; <AB65J BN7 :<I8N7 (8@368F : C=:3:G>H<M; B:C 2 , K34=A HA3?86 30), HC7A=IGAB6>

E6> <AG>HB:=:?@H@ B@; 6=ME3>H@; <AB65J BN7 :<I8N7.

': K6H>EMBA9: =3A:74EB@<6 B@; <ALM8:C 6CBF; A?76> @ 67A569B@H?6 B@; 6=M B>; =696<4−

B9:C; B:C HCGEAE9><47:C =9:K3F<6B:;, 6P:J A?76> HA L4H@ 76 8QHA> 476 D696EB@9>H<M B@;

=:>MB@B6; B@; :<68:=:?@H@; 67A5I9B@B6 6=M B@ 89:<:3MG@H@ E6> B:7 69>L<M BN7 8:H:3@−

T>Q7, 633I E6> 6=M B@7 E6B67:<F BN7 8A8:<47N7 HB:C; EM<K:C; B:C HCHBF<6B:;. * $7&#/*9

-*" D2 FB67 6CBM; =:C =9:B><FL@EA E6> C3:=:>FL@EA HB@ =69:JH6 A9G6H?6.

4.3 =3&64,('(

4.3.1 A:*#3'&84 8('(.83:(.,"*( <7*-

E& D(.&8"/ 8('-;$6<3/ .:*#3'&82* &7*2*

(HB96B@G>EF =:C 6E:3:CLFL@EA G>6 B@ HDA8?6H@ HC7LAB>EQ7 >D7Q7 FB67 @ 8@<>:C9G?6 >D7Q7

=:C <=:9:JH67 76 676=696HBFH:C7 MH: B: 8C76BM7 =A9>HHMBA9A; =A9>=BQHA>; =:C A78AD:−

<47N; 76 A<P67>HB:J7 HA 476 =96G<6B>EM ?D7:;. '6 HC7LAB>EI ?D7@ =:C E6B6HEACIHB@E67

FB67 BAHHI9N7 8>6P:9AB>EQ7 BJ=N7.
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W
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"plateau.dat"

&DF<6 4.2: &C7LAB>EI ?D7@ BJ=:C plateau

'J=:C plateau: (K34=A HDF<6 4.2)

"=:BA3:J7 B@7 6=3:JHBA9@ E6B@G:9?6 >D7Q7 6P:J 67B>HB:>D:J7 HB@7 =A9?=BNH@ M3A; :>

B9>=34BA; 76=9:H=A36J7:C7 M3A; B>; HA3?8A; B@; KIH@; 8A8:<47N7. /6=94=A> @:<68:=:?@HF

B:C; 76 E6B63FGA> =I7B6 HA <?6 E3IH@ =:C =A9>4DA> M3A; B>; B9>=34BA;.

'J=:C columns: (K34=A HDF<6 4.3)

"9EABI 6=3F =A9?=BNH@ E6B@G:9?6; >D7Q7, M=:C M3A; :> B9>=34BA; =9:H=A36J7:C7 476
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DC

"columns.dat"

&DF<6 4.3: &C7LAB>EI ?D7@ BJ=:C columns

HB6LA9M C=:HJ7:3: BN7 HA3?8N7 B@; KIH@; 8A8:<47N7. /6 =94=A> @ :<68:=:?@HF B:C; 76

E6B63FGA> =I7B6 HA <?6 E3IH@ =:C =A9>4DA> M3A; B>; B9>=34BA;.

0
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0 10 20 30 40 50 60 70 80 90 100

W
LC

DC

"rows.dat"

&DF<6 4.4: &C7LAB>EI ?D7@ BJ=:C rows

'J=:C rows: (K34=A HDF<6 4.4)

$=?H@; 69EABI 6=3F =A9?=BNH@ E6B@G:9?6; >D7Q7, M=:C EI=:>A; B9>=34BA; =9:H=A36J7:C7

M3A; B>; HA3?8A; B@; KIH@; 8A8:<47N7. /6 =94=A> @ :<68:=:?@HF B:C; 76 E6B63FGA> =I7B6

HA <?6 E3IH@ =:C =A9>4DA> M3A; B>; B9>=34BA;.

'J=:C diagonalsquares: (K34=A HDF<6 4.5)

( =A9>HHMBA9: A78>6P49:CH6 =A9?=BNH@ E6B@G:9?6; >D7Q7, M=:C EI=:>A; B9>=34BA; =9:−

H=A36J7:C7 EI=:>A; HA3?8A; B@; KIH@; 8A8:<47N7. *> =9:H=A3IHA>; BN7 B9>=3ABQ7 HA

HA3?8A; B@; KIH@; 8A8:<47N7 HD@<6B?R:C7 <>E9I BAB9IGN76 =I7N HB@ 8>6GQ7>: B:C =?76E6

=9:H=A3IHAN7. /6 =94=A> @ :<68:=:?@HF B:C; 76 E6B63FGA> HA BMHA; E3IHA>; MH6 E6> B6
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"diags10.dat"

&DF<6 4.5: &C7LAB>EI ?D7@ BJ=:C diagonalsquares

8>6E9>BI BAB9IGN76 HB@7 8>6GQ7>:.

$=>=34:7, E6BI B@7 E6B6HEACF BN7 HC7LAB>EQ7 >D7Q7, @ 67ILAH@ B><Q7 HB>; 8>IP:9A;

=A9>:D4; B:C =?76E6 =9:H=A3IHAN7 <=:9:JHA 76 A?76> !-(3&02, M=:C M36 B6 H@<A?6 B:C

=?76E6 4=6>9767 B@7 ?8>6 =9:E6L:9>H<47@ B><F, F -"/(;(, M=:C :> 8C76B4; B><4; 8>634G:7B67

<A BCD6?: B9M=: 6=M 476 =9:E6L:9>H<47: 8>IHB@<6.

=3&64,('( ,3 '$* HALC

2>6 76 8:E><6HBA? : HALC AEBA34HB@E67 =:33I =A>9I<6B6 <A HC7LAB>EI E6B6HEAC6H<476

?D7@. -9@H><:=:>FL@E67 EC9?N; ?D7@ B:C BJ=:C diagonalsquares G>6B? FB67 E6> B6 =>:

=A9?=3:E6. '6 =A>9I<6B6 =:C 4G>767 6=:HE:=:JH67 HB@ <A34B@ B@; AC6>HL@H?6; B:C HALC

HB>; 8>IP:9A; =696<4B9:C; B:C.

"=:8A?DB@EA BA3>EI MB> B9A>; FB67A :> =69I<AB9:> =:C A=@9AIR67 =A9>HHMBA9: B@7

=:>MB@B6 BN7 6=:BA3AH<IBN7:

': M9>: HB: E9>BF9>: =:HMB@B6;, 8@368F B: <4G>HB: =:H:HBM HC<=?AH@; BN7 B9>=3ABQ7

HA 476 KF<6 B:C 63G:9?L<:C. 'C=>E4; B><4; B:C =:H:HB:J 6CB:J A?76> GJ9N HB: 10%

633I E6> B><4; E:7BI HB: 20% D9@H><:=:>FL@E67 HB>; =A9>=BQHA>; =6968A>G<IBN7 <A

HB6LA9F B><F =9:H=A3IHAN7.

': M9>: HB: E9>BF9>: =:>MB@B6; (k factor), 8@368F B: A3ID>HB: 676<A7M<A7: =:H:HBM

HC<=?AH@; B:C 69>L<:J BN7 B9>=3ABQ7 HA HD4H@ <A B: 69D>EM =:H:HBM HC<=?AH@; HA

476 KF<6 B:C 63G:9?L<:C. 'C=>E4; B><4; B:C =:H:HB:J 6CB:J FB67 GJ9N HB: 10% − 15%.

* B9M=:; A=?3CH@; B:C =9:K3F<6B:; ping−pong, 8@368F B:C C=:3:G>H<:J B@; 6=M−

HB6H@; :<68:=:?@H@; HB@7 =A9?=BNH@ =:C 6=:P6H>HBA? 6=M B:7 63GM9>L<: 56P7>EF



6336GF HB@7 =:9A?6 <AB6K:3F; B@;. ( E63JBA9@ =9:H4GG>H@ 6=:8A?DB@EA BA3>EI @

D9FH@ B@; BA3ACB6?6; B><F; (@ HC7B@9@B>EF =9:H4GG>H@ 8@368F).

A:;86&'&8"/ ,3'6B.3&/

2>6 76 65>:3:G@LA? @ A=?8:H@ B:C HALC HA HD4H@ <A B:C; I33:C; 8J: 63G:9?L<:C; D9@−

H><:=:>FL@EA @ E6B@G:9?6 HC7LAB>EQ7 >D7Q7 diagonalsquares. +6B6HEACIHB@E67 HC7LAB>EI

?D7@ <A 8>6P:9AB>EI <AG4L@ 1 2 10 E6> 100 E3IHAN7, <A HB6LA9M 633I E6> <A BCD6?:

=3FL:; =9:H=A3IHAN7 E6> 8ML@E67 N; A?H:8:; HB:C; 3 63G:9?L<:C;.

&B:C; =?76EA; =:C 6E:3:CL:J7 :> D9M7:> A?76> HA 8ACBA9M3A=B6, A7Q :> D9M7:> A?76>

D9M7:> HDAB>E:? N; =9M; B: D9M7: AEB43AH@; B:C HALC (= ), 8@368F . '43:;

HB@ HBF3@ K 676G9IPAB6> B: HJ7:3: BN7 K@<IBN7 B:C EILA 63G:9?L<:C.

2>6 B6 =A>9I<6B6 6CBI, : 63GM9>L<:; ISODATA D9@H><:=:>:JHA <>6 HB6LA9F 69D>EF

67ILAH@ HA :<I8A;, \B67 8:E><IHB@EA <A BCD6?6 69D>EF 67ILAH@, B6 6=:BA34H<6B6 FB67

6=:L699C7B>EI, 6P:J C=F9D67 =A9>=BQHA>; M=:C 8A7 4K9>HEA B@ HNHBF :<68:=:?@H@.



&B:7 =?76E6 4.3P6?7:7B6> 6763CB>EI :> D9M7:> AEB43AH@; G>6 B@7 =A9?=BNH@ BN7 HB6CA9Q7

B><Q7 =9:H=A3IHAN7 E6> HB: HDF<6 4.6 C=I9DA> 476 8>IG96<<6 <A B:C; HDAB>E:J; D9M7:C;

AEB43AH@; BN7 ISODATA E6> BEA N; =9:; B:7 HALC .
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e
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"timesC-HALC.dat"
"timesC-ISODATA.dat"

"timesC-BEA.dat"

&DF<6 4.6: -9M7:> AEB43AH@; G>6 diagonalsquares <A HB6LA94; B><4; =9:H=A3IHAN7

HALC ISODATA BEA
)4GAL:; E3 2 K K

10 10 1 0.0 0.13 4 0.19 1.54 1 0.25 1.92
20 20 2 0.0 0.18 8 0.23 1.27 1 0.48 2.66
30 30 3 0.0 0.25 9 0.37 1.48 1 0.74 2.96
40 40 4 0.0 0.28 9 0.44 1.57 1 1.20 4.28
50 50 5 0.0 0.33 9 0.44 1.33 1 2.10 6.36
60 60 6 0.0 0.37 16 0.54 1.45 1 3.01 8.13
70 70 7 0.0 0.42 22 0.61 1.45 1 4.33 10.30
80 80 8 0.0 0.47 15 0.62 1.31 1 5.99 12.74
90 90 9 0.0 0.50 10 0.69 1.38 1 8.09 16.18

100 100 10 0.0 0.51 15 0.80 1.56 1 11.07 21.70
1000 1000 100 0.0 5.03 19 17.58 3.49 1 7746.4 1540.03

!?76E6; 4.3: &CGE9>B>EI 6=:BA34H<6B6 AEB43AH@; BN7 3 63G:9?L<N7 G>6 8>6GQ7>6 ?D7@ <A
HB6LA9M =3FL:; =9:H=A3IHAN7



&B:7 =?76E6 4.4P6?7:7B6> 6763CB>EI :> D9M7:> AEB43AH@; G>6 B@7 =A9?=BNH@ BN7 HB6LA9Q7

B><Q7 =9:H=A3IHAN7 E6> HB: HDF<6 4.7 C=I9DA> 476 8>IG96<<6 <A B:C; HDAB>E:J; D9M7:C;

AEB43AH@; BN7 ISODATA E6> BEA N; =9:; B:7 HALC .

0
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1 2 3 4 5 6 7 8 9 10 100

tim
e

size

"timesR-HALC.dat"
"timesR-ISODATA.dat"

"timesR-BEA.dat"

&DF<6 4.7: -9M7:> AEB43AH@; G>6 diagonalsquares <A BCD6?A; B><4; =9:H=A3IHAN7

HALC ISODATA BEA
)4GAL:; E3 2 K K

10 10 1 6.79 0.17 5 0.19 1.11 1 0.21 1.23
20 20 2 14.83 0.21 14 0.27 1.28 1 0.35 1.66
30 30 3 23.54 0.27 24 0.38 1.40 1 0.74 2.74
40 40 4 30.65 0.36 29 0.38 1.05 1 1.21 3.36
50 50 5 38.42 0.42 33 0.47 1.11 1 1.99 4.73
60 60 6 46.50 0.50 39 0.52 1.04 1 2.99 5.98
70 70 7 54.43 0.55 40 0.57 1.03 1 4.42 8.03
80 80 8 62.84 0.63 50 0.67 1.06 1 5.90 9.36
90 90 9 70.89 0.65 45 0.77 1.18 1 7.95 12.23

100 100 10 78.99 0.70 37 0.67 0.95 1 11.18 15.97
1000 1000 100 800.34 7.49 68 22.02 2.93 1 8258.0 1102.53

!?76E6; 4.4: &CGE9>B>EI 6=:BA34H<6B6 AEB43AH@; BN7 3 63G:9?L<N7 G>6 8>6GQ7>6 ?D7@ <A
BCD6?: =3FL:; =9:H=A3IHAN7

&A M36 B6 =A>9I<6B6 =:C 4G>767 PI7@EA @ HDAB>EF C=A9:DF B:C HALC 4767B> BN7 I33N7

8J: 63G:9?L<N7, 6P:J : HALC G>6 B@7 ?8>6 =:>MB@B6 6=:BA3AH<IBN7 A?DA =I7B6 B: <>E9MBA9:

D9M7: AEB43AH@;.



4.3.2 S7*- (5+ 56(;,('&8"/ 39(6,$;"/

'6 8J: ?D7@ 6=M =96G<6B>E4; AP69<:G4; =:C D9@H><:=:>FL@E67, =I9L@E67 <A >D7:3@T?6

<>6; =96G<6B>EF; AP69<:GF; KIH@; 8A8:<47N7 HA 476 =6968:H>6EM HJHB@<6 A=A5A9G6H?6;

8:H:3@T>Q7 (BS2000 mainframe, B@; SNI).

'6 ?D7@ =:C =I9L@E67 D9A>IHB@EA 76 <AB6B96=:J7 HB@ <:9PF =:C 6=6>BA? N; A?H:8: B:

CLUE <4HN A7M;P?3B9:C. (=>: H@<67B>EF 3A>B:C9G?6 B:C P?3B9:C 6CB:J FB67 :HCGEA96H<M;

BN7 =9:H=A3IHAN7 HB@ KIH@ 8A8:<47N7 M3N7 BN7 HCGEAE9><47N7 =A9>=BQHAN7 (instances)

BN7 8:H:3@T>Q7, QHBA 76 HD@<6B>HBA? 476; HCGEA7B9NB>EM; =?76E6; =9:H=A3IHAN7.

"5?RA> 76 H@<A>NLA? MB> E6> B6 8J: ?D7@ 6=M =96G<6B>E4; AP69<:G4; 4D:C7 A56>9AB>EI

D6<@3F 1"4%.-8-( 10*!1&76!&,%, M=:C N; =CE7MB@B6 =9:H=A3IHAN7 :9?R:C<A:

=CE7MB@B6 =9:H=A3IHAN7
=3FL:; <@ <@8A7>EQ7 =9:H=A3IHAN7

=3FL:; B9>=3ABQ7 =3FL:; HA3?8N7 KIH@; 8A8:<47N7

DOA

': ?D7:; DOA 4DA> B6 6EM3:CL6 D696EB@9>HB>EI:

474 userIDs, 474 terminalIDs, 103 transactionIDs

1984 triplets, 41003 data items

180017 <@ <@8A7>E4; =9:H=A3IHA>;

=CE7MB@B6 =9:H=A3IHAN7: 0,22123%

&B:7 =?76E6 4.5 P6?7:7B6> B6 6=:BA34H<6B6 BN7 3 63G:9?L<N7 HB: ?D7:; DOA, E6LQ; E6>

@ 69D>EF B><F B:C 2 , M=:C : 63GM9>L<:; ISODATA 8:E><IHB@EA BMH: <A BCD6?6 69D>EF

67ILAH@ B9>=3ABQ7 HA :<I8A; (ISODATA−R), MH: E6> <A HB6LA9F 69D>EF 67ILAH@ B9>=3ABQ7

HA :<I8A; (ISODATA−C).

63GM9>L<:; KF<6B6 D9M7:; AEB43AH@; E3IHA>; 2

69D>EI − − − 1984 408.42

HALC 20 1 min 41 sec 1 92 3.56
ISODATA−R 12 159 min 48 sec 94.56 100 34.32
ISODATA−C 13 79 min 55 sec 47.29 100 129.93

BEA − 4 days 3421.78 100

!?76E6; 4.5: &CGE9>B>EI 6=:BA34H<6B6 AEB43AH@; BN7 3 63G:9?L<N7 HB: ?D7:; DOA



PULS

': ?D7:; PULS 4DA> B6 6EM3:CL6 D696EB@9>HB>EI:

103 userIDs, 110 terminalIDs, 53 transactionIDs

280 triplets, 66846 data items

178749 <@ <@8A7>E4; =9:H=A3IHA>;

=CE7MB@B6 =9:H=A3IHAN7: 0,95501%

&B:7 =?76E6 4.6 P6?7:7B6> B6 6=:BA34H<6B6 BN7 3 63G:9?L<N7 HB: ?D7:; PULS, E6LQ; E6>

@ 69D>EF B><F B:C 2 , M=:C : 63GM9>L<:; ISODATA 8:E><IHB@EA BMH: <A BCD6?6 69D>EF

67ILAH@ B9>=3ABQ7 HA :<I8A; (ISODATA−R), MH: E6> <A HB6LA9F 69D>EF 67ILAH@ B9>=3ABQ7

HA :<I8A; (ISODATA−C).

63GM9>L<:; KF<6B6 D9M7:; AEB43AH@; E3IHA>; 2

69D>EI − − − 280 60.19

HALC 20 1 min 25 sec 1 28 0.14
ISODATA−R 10 14 min 5 sec 9.91 30 0.29
ISODATA−C 3 13 min 14 sec 9.32 30 0.96

BEA − 3 days 2566,34 30

!?76E6; 4.6: &CGE9>B>EI 6=:BA34H<6B6 AEB43AH@; BN7 3 63G:9?L<N7 HB: ?D7:; PULS

A:,5364.,('(

* 63GM9>L<:; HALC =69:CH>IRA> =:3J <>E9M D9M7: AEB43AH@; (GJ9N HB: 1,5 min E6> G>6

B6 8J: ?D7@) E6> =I96 =:3J E63I 6=:BA34H<6B6. * 63GM9>L<:; ISODATA =69:CH>IRA> =:3J

<AG63JBA9:C; D9M7:C; AEB43AH@; E6> DA>9MBA9@ =:>MB@B6 :<68:=:?@H@;. * 63GM9>L<:; BEA

676<47AB6> 76 4DA> B@7 E63JBA9@ =:>MB@B6 :<68:=:?@H@;, 633I : 67C=MP:96 <AGI3:; D9M7:;

AEB43AH@; (3?GA; @<49A;) B:7 E6L>HBI =96EB>E6 ID9@HB:.
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5.1 A:,5364.,('(

( A9G6H?6 6CBF 67B><ABQ=>HA B: =9MK3@<6 B:C D696EB@9>H<:J PM9B:C A9G6H?6; <A KIH@ B>;

=9:H=A3IHA>; =:C EI7:C7 :> 8>IP:9A; 8:H:3@T?A; HA HA3?8A; B@; KIH@; 8A8:<47N7.

!69:CH>IHB@EA 476; 6=3M; E6> G9FG:9:; AC9@<6B>EM; 63GM9>L<:; E6> A=>=34:7 C3:=:>F−

L@E67 I33:> 8J: G7NHB:? G>6 76 G?7:C7 HCGE9?HA>;. $=?H@; E6B6HEACIHB@EA 476 A9G63A?:

G>6 =696HEACF HC7LAB>EQ7 >D7Q7, B: :=:?: E6> D9@H><:=:>FL@EA G>6 B@7 A=63FLACH@ BN7

6=:BA3AH<IBN7 B:C CLUE . '43:;, D9@H><:=:>FL@E67 ?D7@ 6=M =96G<6B>E4; AP69<:G4; E6>

: 43AGD:; B:C D2 G>6 76 HCGE9>LA? : HALC <A B:C; 63G:9?L<:C; ISODATA E6> BEA.

)A B>; <AB9FHA>; =:C 4G>767 PI7@EA @ C=A9:DF B:C HALC , MH:7 6P:9I B@7 B6DJB@B6

B@; AEB43AH@; 633I E6> B@7 =:>MB@B6 BN7 =696GM<A7N7 :<68:=:>FHAN7, 6P:J HA HJGE9>H@

<A B:7 ISODATA 63GM9>L<: A?76> =:3J =>: G9FG:9:; E6> KGIRA> E63JBA96 6=:BA34H<6B6,

A7Q HA HJGE9>H@ <A B:7 BEA @ =:>MB@B6 BN7 6=:BA3AH<IBN7 A?76> API<>33@, 633I :> D9M7:>

AEB43AH@; B:C BEA A?76> <4D9> E6> 2000 P:94; <AG63JBA9:> 6=M MB> B:C HALC .

&C7:3>EI <=:9:J<A 76 =:J<A MB> @ :<68:=:?@H@ 8:H:3@T>Q7 <A KIH@ B@ HCGG47A>6 HA

8A8:<476 A?76> >8>6?BA96 H@<67B>EF, A7Q A>8>EMBA96 : 63GM9>L<:; HALC A<P67?RAB6> N;

=:3J 65>M3:G@ 3JH@ HB: =9MK3@<6.

&B>; <A33:7B>E4; E6BACLJ7HA>; 6CBF; B@; 8:C3A>I; 8>6E9?7:C<A 8J: 8>6P:9AB>E4; =9:−

HAGG?HA>;, MH:7 6P:9I B@ HD4H@ B:C; <A B@7 8:C3A>I =:C 4DA> F8@ G?7A>. ( =9QB@ E6B@G:9?6

E6BACLJ7HAN7, :> A=AEBIHA>;, :CH>6HB>EI 6=:BA3A? KA3B>QHA>; B@; C=I9D:CH6; 8:C3A>I; <A

<>E94; A78AD:<47N; 6336G4; HB: CLUE . "7B?LAB6, @ 8AJBA9@ E6B@G:9?6, :> <A33:7B>E4;

E6BACLJ7HA>;, =A9>4DA> L4<6B6 B6 :=:?6 <=:9:J7 76 6=:BA34H:C7 HC74D>H@ B@; =69:JH6;

69



8:C3A>I;, 633I 4D:C7 H@<67B>EI =A9>HHMBA9A; 8CHE:3?A; E6> 8>6P:94; 6=M B: CLUE .

5.2 >538'4.3&/ '$: CLUE

5.2.1 G)&$0+;-.-

"=M B>; =>: H@<67B>E4; A=AEBIHA>; 6CBF; B@; 8:C3A>I; 6=:BA3A? @ HJ78AH@ B:C CLUE <A

B:7 =9:H:<:>NBF ([MN95a]), :JBN; QHBA 76 <=:94HA> 76 G?7A> <>6 3A=B:<A94HBA9@

65>:3MG@H@ BN7 6=:BA3AH<IBN7 BN7 B9>Q7 63GM9>L<N7 HA =96G<6B>EI ?D7@. &A 6CBF B@7

E6BAJLC7H@ E>7A?B6> E6> @ 676RFB@H@ E6>7:J9>N7 69DA?N7 >D7Q7 6=M =96G<6B>E4; AP69<:G4;.

"9EABI 3A=B:<A9F; 65>:3MG@H@ BN7 =A>96<IBN7 <=:9A? 76 G?7A> E6> <4HN =A9>HHMBA9:

=:3J=3:EN7 HC7LAB>EQ7 >D7Q7. 2>6 76 <=:94HA> M<N; 76 G?7A> EIB> B4B:>: 8>A5:8>EI L6

D9A>6HB:J7 EI=:>A; A=AEBIHA>; HB:7 TSG QHBA 76 <=:94HA> 76 E6B6HEACIRA> ?D7@ =:C 4D:C7

=A9>G96PA? <A <>6 G3QHH6 CT@3MBA9:C A=>=48:C.

5.2.2 T00$& (0;+6&#,$&

S33@ E6BAJLC7H@ HB>; A=AEBIHA>; B:C CLUE A?76> @ C3:=:?@H@ E6> I33N7 63GM9>L<N7

:<68:=:?@H@;. !>L67:? =9QB:> HBMD:> A?76> @ C3:=:?@H@ EI=:>:C >A969D>E:J 63GM9>L<:C,

E6LQ; E6> @ C3:=:?@H@ EI=:>:C 63GM9>L<:C =:C D9@H><:=:>A? 6H6PF 3:G>EF (fuzzy logic).

5.2.3 K&49$63/ D30'&2.3&/

$=>=34:7, <=:9A? 76 A5AB6HBA? E6BI =MH: @ D9FH@ EI=:>N7 E67M7N7 E6> =A9>:9>H<Q7 (=.D. :

A7B:=>H<M; read−only HA3?8N7 <7F<@;) A?76> HA L4H@ 76 K:@LFHA> B:7 63GM9>L<: HALC 76

KA3B>QHA> B6 6=:BA34H<6BI B:C.

$=?H@;, <=:9A? 76 A5AB6HBA? @ =>L67MB@B6 EI=:>6; A=>=9MHLAB@; A=A5A9G6H?6; <ABI

B@7 AEB43AH@ B:C 63G:9?L<:C, QHBA 76 6=:PACDL:J7 :> 6E9?BA; (:<68:=:>Q7B6; B:C; G>6

=69I8A>G<6 <A B@7 E:7B>7MBA9@ :<I86).

'43:;, L6 =94=A> 76 A5AB6HB:J7 63GM9>L<:> G>6 76 G?7A> @ :<68:=:?@H@ BN7 HA3?8N7 B@;

KIH@; 8A8:<47N7, 6P:J 4DA> :3:E3@9NLA? @ :<68:=:?@H@ BN7 8:H:3FT>Q7. +IB> B4B:>: L6

K:@LFHA> HB@ 8>6<49>H@ B@; KIH@; 8A8:<47N7 HB:C; EM<K:C; B:C HCHBF<6B:; E6B67A<@<47@;

A=A5A9G6H?6; 8:H:3@T>Q7.



5.3 !300$*'&8"/ 8('3:#F*.3&/

5.3.1 !3;40$/ +;8$/ %3%$,"*@*

W76 6=M B6 H@<67B>EMBA96 =9:K3F<6B6 =:C 67B><ABN=?HB@E67 HB@7 A9G6H?6 6CBF FB67 :

<AGI3:; MGE:; BN7 8A8:<47N7 A>HM8:C. &CGEAE9><476 @ J=695@ BMH: <AGI3:C =3FL:C;

HA3?8N7 B@; KIH@; 8A8:<47N7 HA HD4H@ <A B: =3FL:; BN7 B9>=3ABQ7 8?7A> B@7 A7BJ=NH@ B@;

‘‘A=>=34:7’’ =3@9:P:9?6; E6> I96 B@7 67IGE@ G>6 HC<=?AHF B@;.

&B: CLUE 6E:3:CLFL@EA @ =:3>B>EF B@; C3:=:?@H@; BN7 8:<Q7 8A8:<47N7 <A B4B:>:

B9M=: QHBA 76 AE<AB633AJ:7B6> B@ <>E9F HDAB>EF =CE7MB@B6 BN7 =96G<6B>EQ7 >D7Q7 E6> 4BH>

76 <@7 ‘‘C=:P49A>’’ H@<67B>EI 6=M B: <AGI3: MGE: 8A8:<47N7.

S33A; E6BACLJ7HA>; HB@7 =9:H=ILA>6 G>6 B@ 3JH@ 6CB:J B:C =9:K3F<6B:; A?76> @ :<6−

8:=:?@H@ BN7 HA3>8Q7 B@; KIH@; (BN7 HB@3Q7 8@368F B:C =?76E6 =9:H=A3IHAN7) <4HN B@;

D9FH@; EI=:>N7 <ALM8N7 67I3CH@; =9NB69D>EQ7 B<@<IBN7 (principal components analysis),

QHBA 76 <A>NLA? H@<67B>EI B: =3FL:; B:C;.

$76336EB>EI, : <AGI3:; MGE:; BN7 8A8:<47N7 <=:9A? 76 A36BBNLA? <4HN 8A>G<6B:3@T?6;,

DN9?; 76 C=I9DA> H@<67B>EF 8>6P:9I HB@7 =:>MB@B6 B@; BA3>EF; :<68:=:?@H@; ([Art78]).

5.3.2 On the fly clustering

)>6 I33@ =:3J A78>6P49:CH6 <A33:7B>EF E6BAJLC7H@ B@; A9G6H?6; 6CBF; A?76> @ &%&0#2

*+()*1*;8!8 (on the fly clustering), M=:C :> B9>=34BA; :<68:=:>:J7B6> E6LQ; B: HJHB@<6

A?76> HA 3A>B:C9G?6, HA 67B?LAH@ <A B: CLUE M=:C @ :<68:=:?@H@ G?7AB6> off−line. (

>846 6CBF <=:9A? 76 P67A? >8>6?BA96 A3ECHB>EF HA =A9>=BQHA>; HCHB@<IBN7 E6B67A<@<47@;

A=A5A9G6H?6; 8:H:3@T>Q7, M=:C : PM9B:; A9G6H?6; 633IRA> =:3J HCD7I.

&B@7 E6BAJLC7H@ 6CBF E>7A?B6> @ =9:H=ILA>6 G>6 C3:=:?@H@ #&%&-'45% (7#*0;3+,% :<6−

8:=:?@H@; E6LQ; E6> 63G:9?L<N7 =:C K6H?R:7B6> HA %&"0,%'46 );4-"(. '43:;, 3MGN BN7

6=6>BFHAN7 G>6 <>E9:J; D9M7:C; AEB43AH@; BN7 63G:9?L<N7 :<68:=:?@H@; @ 1(0(7787*−

1*;8!8 BN7 63G:9?L<N7 P6?7AB6> 76 6=:BA3A? <>6 =>L67F 3JH@.

5.3.3 Workflow

$78>6P49:7 A=?H@; =69:CH>IRA> @ =A9?=BNH@ BN7 transactional workflows, M=:C EI=:>A;

8:H:3@T?A; A569BQ7B6> 6=M B6 6=:BA34H<6B6 BN7 =9:@G:J<A7N7 8:H:3@T>Q7, M=N; G>6

=69I8A>G<6 :> 8:H:3@T?A; G>6 E96BFHA>; B65>8?N7, M=:C =94=A> =.D. 76 G?7A> E9IB@H@ G>6

B: 6A9:=3I7:, G>6 B: 5A7:8:DA?:, G>6 B@7 A=>HB9:PF, E.:.E. E6> L6 =94=A> M3A; 6CB4; :>

5ADN9>HB4; <AB65J B:C; 8:H:3@T?A; 76 549:C7 @ <?6 G>6 B6 6=:BA34H<6B6 B@; I33@;.



': A78>6P49:7 B@; =A9?=BNH@; 6CBF; AHB>IRAB6> HB: E6BI =MH: @ HDAB>EF =3@9:P:9?6 L6

=94=A> 76 A7HN<6BQ7AB6> HB: D696EB@9>H<M B:C PM9B:C A9G6H?6; F L6 =94=A> 76 6PF7AB6>

HB: B<F<6 89:<:3MG@H@; 8:H:3@T>Q7 ([MN95b]).

5.3.4 Mixed workloads

( BA3ACB6?6 (E6> ?HN; @ 8CHE:3MBA9@) <A33:7B>EF E6BAJLC7H@ A?76> 6CBF B:C D696EB@9>H<:J

B:C PM9B:C A9G6H?6; HA ‘‘67I<A>EBA;’’ AP69<:G4;, M=:C C=I9D:C7 8:H:3@T?A; <A 67IGE@ G>6

<>E9:J; D9M7:C; 6=ME9>H@; E6> B6CBMD9:76 A9NBFHA>; (queries) HB@ KIH@ 8A8:<47N7, M=:C

D9A>IR:7B6> 69EABM D9M7: G>6 76 AEBA3AHB:J7.



=(646'-,( G

TSG Reference Input File

T testsuiteName

# The header line ’T’ has to be the first line. THIS is a comment.

# The header line string must not contain any white−space characters.

# The header line string’s maximum length is 30 characters.

# There might be more than one test suite described in a testsuite generator

# input file. The testsuite name will be part of the header lines (type ’H’)

# of the workload description files to be generated.

#

# Maximum line length is 80 characters.

# −−−−−−−1−−−−−−−−−2−−−−−−−−−3−−−−−−−−−4−−−−−−−−−5−−−−−−−−−6−−−−−−−−−7−−−−−−−−−8

#

#

# Some general remarks:

# =====================

#

# The test suite generator reads this file until EOF is reached.

# The records can be classified as follows:

#

# o COMMENTS: Records beginning with a ’#’ or a ’C’ are comment records.

# − ’#’−records are ignored.

# − ’C’−records are so called "copy comments". This kind of records are

# copied to the current output file immedieatedly after the

# test suite generator has read it in.

# o OPTIONS: All kinds of records except the record types describing

# a region (formerly called "rectangle"). Region describing records

# are described below.

# o ACTIONS: Records beginning with record type (first character) ’A’.

# o REGION−DESCRIPTION: ’w’, ’d’, ’r’, and ’u’−records.
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#

# A key design decision is that options are valid until overwritten

# by a new value or EOF. An action is performed as soon as the test

# suite generator reads it (’C’−records may be interpreted as some

# kind of special action).

#

# Thus, the test suite gnerator input file is someting like a very

# very simple "programming language" which enables flexible creation

# test suites.

#

# A test suite can consist of a whole bunch of (workload description)

# files. The (unique) testsuite name is part of the ’H’−line of the

# created files.

#

# −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

#

#

C This is a copy comment. Lines beginning with a C are copied into the current

C output file as soon as processed (thereby turning to a ’#’−comment’).

#

#

t workloadName

# t−line is 30 characters long. The workload name / testcase name is

# concatenated with the testsuite name and forms the header line of the

# workload description files (’H’−Record).

#

f tsg_output_file

# The ’f’ record speifies the name of the current output file. The output

# file is opened as soon this record is read in. There can only be one

# output file at a time.

#

# The following section describes the worklad class related information.

# The number of worcload class elements equals

# no_userids * no_term_ids * no_tran_ids.

# The number of members of each worcload class equals

# no_worload_class_elements div members_per_workloadclass.

number of user IDs = 3

# d no_user_ids = 3

number of terminal IDs = 4

# d no_term_ids = 4



number of transaction IDs = 5

# d no_tran_ids = 5

#

# So implicitely the number of workload class elements is 3*4*5=60

# in this example. The userid/tranid/termid−strings will be generated

# randomly from a given character set. The character set is

# "ABC...XYZ0123456789" (upper case letters).

# Perharps we should provide an option for the exact number of

# workload class elements, which will default to no_U * no_T * no_X

#

d no_workload_class_elements = 60

d avg_no_workload_class_members = 7

# The above line implies that (60 div 7) = 8 workload classes will

# be created. The first 7 workload classes will have 7 members each.

# Workload class 8 will have 8 + (60 − 7*8) = 8 + 4 = 12 members.

#

#

#

# The following describes the data classes (and related information):

d no_dataclass_elements = 100

d no_data_objects_per_bucket = 3

# the above line implies that data class element #1 ("bucket_1", see

# ’b’−record type on workload description files) covers the data objects

# 0,...,2 (min,...,max), the second covers 3,...,5 etc. There is no need

# to randomize this at the moment. In the current state, it is o.k. to

# assume a dataclass elment_i is a file_i (with one data object min==max==i).

d avg_no_members_per_dataclass = 10

# Each data class has ten members (buckets / data class elements). Implicitely

# 100/10 = 10 data clases have to be generated.

#

density=3%

density=0.03

# This option quantifies the sparsity of the matrix under production.

# The density is used as a cutoff with a combination of a random variable

# in such a way that only in the cases where prob() > density, a point

# in the reference matrix is given a value.

#

O fill_mode = assign/random

# This is a real option type record. the above line means that (until

# stated otherwise...) values are computed randomly and then assigned to



# the matrix entry. fill_mode can be specified as one of the following

# cases:

# assign/random

# assign/constant

# add/random

# add/constant

#

# "assign" means that values are directly assigned to the matrix entry.

# "add" means that values are added to the matrix entry instead of

# overwriting it. "random" means that values are computed uniformely

# distributed in some specified range (min−max). "constant" means

# that a constant value is used to be assigned/added to the matrix

# entry.

#

A clear matrix

# "clear matrix" sets all matrix entries to zero.

#

#

# The following couple of lines specify a region in the reference

# matrix and how to compute the number of references to be assigned/aded

# to all matrix entries within the region.

w 4 5 # row_range (workload class #4 to #5)

d 1 3 # col_range (data class #1 to #3)

r 5 100 # read accesses

u 3 50 # update acceses

# The above two lines will be interpreted depending on fill_mode settings.

# If "random" is set, the two integers in each line wil specify

# minimum and maximum of the interval of random numbers to be generated.

# If "constant" is set (max−min)/2 (rounded!) is used as a "constant" to

# be added/assigned to the matrix entriex. In both cases, each ’r’ or ’u’

# −record needs to have to integers. This may be a bit inconvenient in case

# of cost, but makes quick changes (constant vs. random) easier.

#

# Many many regions (and options and comments) may follow..

fill mode = add/constant

w 1 3 # row_range (workload class #1 to #3)

d 2 4 # col_range (data class #2 to #4)

r 20 100 # read accesses

u 8 50 # update acceses

#



A close

# This action closes the current output file.

#

# ... now switch to another output file and do what must be done...

#

# ... you may also put another ’T’−record here (new testsuite!, multiple

# testsuites in one testsuite generator input file!). The testsuite

# generator takes care of memory and recycles most of the data

# structures used before.

#

# Note: The test suite generator runs and runs until it hits EOF.

#

# *************** This is the last line of the testsuite description file ******





=(646'-,( H

CLUE Reference Input File

H CLOU_sample_input

# The header line has to be the first line. THIS is a comment.

# The header line string must not contain any white−space characters.

# The header line string’s maximum length is 40 characters.

# Maximum line length is 80 characters.

# −−−−−−−1−−−−−−−−−2−−−−−−−−−3−−−−−−−−−4−−−−−−−−−5−−−−−−−−−6−−−−−−−−−7−−−−−−−−−8

#

# Note: The order of the folowing SECTIONS is mandatory. The order of the

# −−−−− records WITHIN the sections is immaterial.

#

#

# ******************************************************************************

# * Global Section (record_type = G): *

# ******************************************************************************

# Record Format: "G <what_string> = <howmany_string> [comment]".

#

# The global section is the first section after the header line.

# Within this section,the order of the entries is immaterial.

# All global lines are mandatory.

#

G interval_length = 1000 Length of observation interval (seconds).

G no_user_ids = 3 Number of user−IDs (first component of WL class id).

G no_term_ids = 4 Number of terminal−IDs (second component of WL class id).

G no_tran_ids = 5 Number of transaction IDs (third component of WL class id).

G no_workload_class_elements = 12 Number of WL class elements (triplets).

G no_workload_classes = 3 Number of workload classes.

G no_data_class_elements = 10 Number of data class elem. (initial data buckets).

G no_data_classes = 10 Number of data classes.

79



# >>> Note: This list may be extended in the near future!. <<<

#

# ******************************************************************************

# * List of USER_IDs (contains no_user_ids entries, record_type = U) *

# ******************************************************************************

# Record Format: "U <u_key> <u_id_string> [comment]".

#

# A USER_ID is a character string without white−spaces.

# The maximum length is 8 characters.

# Each USER−ID string is uniquely associated with an integer key.

# The integer key is used to identify "it’s" USER_ID string in the

# workload class description (see below). The order of the USER−IDs or

# the integer keys is immaterial. The integer key range must not have gaps.

# Zeroes are not allowed as key values. The number of USER−IDs has to be

# equal to the value of no_user_ids in the global section (this condition

# is checked by the program! Note: ID−Strings are case sensitive!!!

#

# IMPORTANT NOTE: Actually, the key list must be dense and in increasing

# =============== order. This may be changed in future versions of the

# modules which read and process this type of input file.

# Though it is not really necessary to explicitely represent

# the keys in this file (under this restriction), it makes

# debugging easier because the file is much easier to read.

#

U 1 UALPHA

U 2 UBRAVO

U 3 UCHARLY

#

#

# ******************************************************************************

# * List of TERM_IDs (contains no_term_ids entries, record_type = T) *

# ******************************************************************************

# Record Format: "T <t_key> <t_id_string> [comment]".

#

# Specifications and restrictions of user_id list applies (see above).

#

T 1 TDELTA

T 2 TECHO

T 3 TFOXTROT

T 4 TGOLF



#

#

# ******************************************************************************

# * List of TRAN_IDs (contains no_tran_ids entries, record_type = X (xaction"))*

# ******************************************************************************

# Record Format: "X <x_key> <x_id_string> [comment]".

#

# Specifications and restrictions of user_id list applies (see above).

#

X 1 XINDIA

X 2 XJULIET

X 3 XKILO

X 4 XLIMA

X 5 XMIKE

#

#

#

# ******************************************************************************

# * Description of Workload Class Elements (no_workload_class_elements, ’e’) *

# ******************************************************************************

# Record Format: "e <element_key> <u_key> <t_key> <x_key> [comment]".

#

# One entry for each occurring Workload Class Member. The members are

# some kind of "refined transaction types" and are uniquely defined

# by the triplet (user_id, term_id, tran_id). The IDs are

# not represented as strings, but as their integer keys as described in the

# above lists (U, T, and X).

#

e 1 1 2 3

e 2 1 2 4

e 3 1 3 1

e 4 1 4 1

e 5 3 3 2

e 6 1 2 5

e 7 3 1 4

e 8 1 4 5

e 9 2 1 5

e 10 2 2 4

e 11 2 3 3

e 12 2 4 2



#

#

# ******************************************************************************

# * Workload Class List (contains no_workload_classes entires, rect = W)*

# ******************************************************************************

# Record Formats: "W <wl_class_key> <number_of_elements> [comment]".

# "w <element_key1> <... _5> [comment]".

#

# Each workload class consists of a set of workload class members. The class

# description is introduced with a workload class record (record type ’W’). This

# record is followed by a series of ’w’ records. A ’w’ record lists up to

# 5 class members. A class member is identified by the element_key from the

# above element list. In an initial input file, each workload class has exactly

# one member.

#

#

# Workload Class Description (Class_1, 3 Members)

W 1 3

w 1

w 2

w 3

# Workload Class Description (Class_2, 4 Members)

W 2 5

w 9

w 10

w 11

w 12

# Workload Class Description (Class_3, 5 Members)

W 3 5

w 4

w 6

w 5

w 7

w 8

#

# ******************************************************************************

# * Description of Data Class Elements (no_workload_class_elements, ’b’) *

# ******************************************************************************

# Record Format: "b <bucket_key> <min> <max> [comment]".

#



# A data class member is a continuous sequence ("bucket": min, ... max) of data

# objects accessed by workload class members/elements. A data class may be

# described by physical block numbers or lock names or whatever as long as

# the identifiers can be used to identify the physical location of data.

# Min and Max may have the same value. The data bucket is an atomic unit;

# Normally, two (or more) buckets are NOT "melted together". If two buckets are

# assumed to be similar, they are put into/assumed to be in the same data class!

#

b 1 0 9

b 2 10 19

b 3 20 29

b 4 30 39

b 5 40 49

b 6 50 59

b 7 60 69

b 8 70 79

b 9 80 89

b 10 90 99

#

#

#

#

# ******************************************************************************

# * Data Class List (contains no_data_classes entires, rect = D) *

# ******************************************************************************

# Record Formats: "D <d_class_key> <number_of_elements> [comment]".

# "d <bucket_key1> <... _5> [comment]".

#

# Each data class consists of a set of data class members (buckets). The class

# description is introduced with a data class record (record type ’D’). This

# record is followed by a series of ’d’ records. A ’d’ record lists up to

# 5 class members. A class member is identified by the bucket_key from the

# above element list. In an initial input file, each data class has exactly one

# member.

#

# Data Class Description (Class_1, 1 member)

D 1 1

d 1

# Data Class Description (Class_2, 1 member)

D 2 1



d 2

# Data Class Description (Class_3, 1 member)

D 3 1

d 3

# Data Class Description (Class_4, 1 member)

D 4 1

d 4

# Data Class Description (Class_5, 1 member)

D 5 1

d 5

# Data Class Description (Class_6, 1 member)

D 6 1

d 6

# Data Class Description (Class_7, 1 member)

D 7 1

d 7

# Data Class Description (Class_8, 1 member)

D 8 1

d 8

# Data Class Description (Class_9, 1 member)

D 9 1

d 9

# Data Class Description (Class_10, 1 member)

D 10 1

d 10

#

#

#

#

# ******************************************************************************

# * Reference Matrix *

# ******************************************************************************

# Record Formats: "r <workload_class_key> <data_class_key> <#acceses> [comnt]".

# "u <workload_class_key> <data_class_key> <#acceses> [comnt]".

#

# This section contains all non_zero entries of the reference matrix. This

# matrix is organized as follows:

#

# − a row for each workload class

# − a column for each data class



# − each entry consists of two sub−entries:

# . number of retrieval/read accesses (record type ’r’)

# . number of update/write accesses (record type ’u’)

#

# A line in this file describes exactly one sub_entry of the reference matrix.

#

# Though non_zero_entries may be stored here, this is not necessary and therefore

# a waste of disk space.

#

r 1 1 1.000000e+02

u 1 1 101

r 2 2 1000

u 2 2 1001

r 3 3 10000

u 3 3 10001

r 1 4 200

r 2 5 2000

r 3 6 20000

u 1 7 301

u 2 8 3001

u 3 9 30001

u 3 10 300001

#

#

# ******************************************************************************

# **************** This is the last line of the workload description file ******
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SCRIPT Reference Input File

# This is a comment

# Maximum line length is 80 characters.

# −−−−−−−1−−−−−−−−−2−−−−−−−−−3−−−−−−−−−4−−−−−−−−−5−−−−−−−−−6−−−−−−−−−7−−−−−−−−−8

# FILENAME: reference−input.pro

# DESCRIPTION: Contains a sample protocol script file, and shows all the

# commands / settings of the script grammar.

# CREATION DATE: July 13rd, 1994

#

# Note: The order of the folowing SECTIONS and the order of each command

# −−−−− WITHIN the sections is immaterial.

#

# ******************************************************************************

# * Settings Section *

# ******************************************************************************

#

set maximum number of utilization classes = 15

# Sets the maximum acceptable number of utilization classes

# (i.e. the goal of the clustering algorithm)

set automatic clustering = ON

# Sets whether the clustering performed will re−compute the clustering

# distance automatically or not. Valid choices are on/true OR off/false.

set metric = PLDM

# Sets the distance metric to be used by the clustering algorithm.
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# For the time being valid choices are :

# PLDM = Pseudo Linear Dependency Metric

# VDM = Vector Dependency Metric

set clustering distance = 0.2

# OR: set clustering distance = sqrt(2.0)

# OR: set clustering distance = sqrt(2.0) / 15

# Sets the (initial or not) clustering distance for the clustering algorithm.

# Valid parameters are of type double or sqrt(double) or sqrt(double) / integer.

set clustering distance increase ratio = 10%

set clustering distance decrease ratio = 10%

# Sets the ratio that CLOU will use while automatically re−adjusting the

# clustering distance (increase or decrease)

set clustering distance upper bound = 0.0001

set clustering distance lower bound = 1.0

# Sets the range of allowable values for the clustering distance

# Upper bound should definetely be 1 (or less) for PLDM

set maximum clustering distance increase ratio = 1000%

set maximum clustering distance decrease ratio = 90%

# Sets the maximum allowable ratio that CLUE can use while automatically

# re−adjusting the clustering distance (increase or decrease).

# Going off bounds equals to the termination of the algorithm.

set maximum number of ping−pongs = 3

# Sets the maximum number, the algorithm is allowed to "ping−pong", i.e.

# to change its mind about decreasing / increasing the clustering distance.

set max compression rate = 10%

# Sets the maximum acceptable compression rate of the number of PUCs.

# When the compression rates becomes more than that value

# the clustering distance has to be re−adjusted (decreased).

# Valid parameters are of type double, or percentage.

set k factor = 15%

# Sets the minimum acceptable compression of the compression rate of PUCs.

# When the compression rates becomes less than some k% of its original value,

# the clustering distance has to be re−adjusted (increased).



# Valid parameters are of type double, or percentage.

set goal almost reached at 5%

# Sets the "proximity" to the original goal criterion which is used

# to relax the k_factor criterion, when goal is almost reached.

set unify style = avg

# Sets the behaviour of the unify function regarding the update of the

# reference matrix. For the time being valid choices are :

# ADD: Simply adds up the vector rows of the workload classes to be unified.

# AVG: Calculates the average of the vector rows of the workload classes

# to be unified.

set stop at no change = 10

# Sets whether to stop the clustering when a modification (i.e. increase) of

# the clustering distance does not lead to a reduction of the number of PUCs

# during a ECS for a certain number of times (10 in the example).

# Valid parameters are of type integer.

set write weight = 1

set read weight = 1

# Set the weight to use when adding up the number of read and the number of

# write acceses. Valid parameters are of type integer.

set maximum intervals coefficient = 299%

set minimum intervals coefficient = 43%

# Set the two coefficients that are used to define the range in which the

# number of rows for each intervals must fall in.

# ******************************************************************************

# * Commands Section *

# ******************************************************************************

#

store zeroes in column0

# OR: initialize column0

# Fills column 0 entries in the reference matrix with zeroes.

store sums in column0



# Fills column 0 entries in the reference matrix with the sum of

# the elements for each row.

wipeout zero rows

# Completely eliminates rows with all elements=0

sort

# The 1st preprocessing step: sorting of rows in descending order of references.

store sum squares in column0

# Fills column 0 entries in the reference matrix with the sum of

# the squares of the elements for each row.

downscale

# The 2nd preprocessing step: downscaling of all the reference matrix entries.

# (All matrix entries are divided by the maximum number of accesses.)

normalize

# The 3rd preprocessing step: normalization of the row vectors using the

# maximum vector norm.

# (All matrix entries are divided by the maximum of the maximum vector norms.)

do clustering

# Perform the clustering (used when automatic clustering is on).

do clustering with HALC

# Perform the clustering with HALC (= the default)

# (other possible candidates: BEA, KMEANS, ISODATA).

do clustering step

do 6 clustering steps

# Perform one or more Elementary Clustering Steps.

# ******************************************************************************

# **************** This is the last line of the protocol description file ******
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Link &J78AH@

Load Balancing (LB) $5>H:99M=@H@ VM9B:C $9G6H?6;

Load Imbalance "7>H:99:=?6 VM9B:C $9G6H?6;

Loosely Coupled -6369F &J78AH@

Low overhead )>E9M A=>=34:7 EMHB:;

Manager O>6DA>9>HBF;

Mapping "7B>HB:?D>H@

Monothetic ):7:LAB>EM;

Multiprocessor !:3CA=A5A9G6HBF;

NO Remote Memory Access (NORMA) -N9?; "=:<6E9CH<47A; !9:H=A3IHA>; )7F<@;

Nested VN3>6H<47:;

Network O?EBC:

Node +M<K:;

Non Uniform Memory Access (NUMA) )@ *<:>M<:9P@ !9:H=436H@ )7F<@;

Normalization +67:7>E:=:?@H@

Object "7B>EA?<A7:

Occurence $<PI7>H@

Operating System .A>B:C9G>EM &JHB@<6

Out−degree X6L<M;−A5M8:C

Outliers "E9?BA;

Overflow 1=A9DA?3>H@

Overlap $=>EI3CT@

Parallel !69I33@3:;

Partitions O>6<A9?HA>;

Pattern !9MBC=@ <:9PF

Performance Monitor $9G63A?: !696E:3:JL@H@; $=?8:H@;

Performance $=?8:H@



Polythetic !:3CLAB>EM;

Portability )AB6PA9H><MB@B6

Precedence Constraints !A9>:9>H<:? &A>9I; $EB43AH@;

Principal components analysis "7I3CH@ EJ9>N7 HC7>HBNHQ7

Probabilistc !>L67:B>EM;

Prototype !9MBC=: HB:>DA?:

Proximity $GGJB@B6

Query $9QB@H@

Recovery $=676P:9I

Reference matrix !?76E6; =9:H=A3IHAN7

Regression !63>789M<@H@

Relational &DAH>6EM;

Request "?B@H@

Resource !M9:;

Response Time -9M7:; "=ME9>H@;

Sampling OA>G<6B:3@T?6

Scaling +3><IENH@

Scan &I9NH@

Segment '<F<6

Semantic &@<6H>:3:G>EF

Sensor ">HL@BF96;

Sequential &A>9>6EM;

Serial &A>9>6EM;

Server O>A9G6H?6 $5C=@94B@H@;

Session &C78>I3A5@

Shared +:>7MD9@HB:;

Simulation !9:H:<:?NH@

Software .:G>H<>EM

Sort O>IB65@

Spanning Tree ^ACG7J:7 O47B9:

Square Error 'AB96GN7>EM &PI3<6

Static &B6B>EM;

Stream &C7ADF; "E:3:CL?6

Supervision $=?K3AT@

System Administrator 1=AJLC7:; O>6DA?9>H@; &CHBF<6B:;



System Configuration O>6<M9PNH@ &CHBF<6B:;

System Independent "7A5I9B@B@ 6=M B: HJHB@<6

Task $9G6H?6

Thread #F<6

Throughput !69:DF

Throughput !69:DF

Tightly Coupled %HDC9F &J78AH@

Timestamp -9:7:HP96G?86

Trace YD7:;

Tracing %D7:3@T?6

Transaction Processing (TP) $=A5A9G6H?6 O:H:3@T>Q7

Transaction Routing O9:<:3MG@H@ O:H:3@T>Q7

Transaction O:H:3@T?6

Transparency O>6PI7A>6

Uniform Memory Access (UMA) *<:>M<:9P@ !9:H=436H@ )7F<@;

Units of work ):7I8A; $9G6H?6;

User Behaviour Graphs (UBG) 296PF<6B6 &C<=A9>P:9I; -9FHB@

Variance 'C=>EF "=ME3>H@

Vertical Fragmentation +ILAB@ '<@<6B:=:?@H@

Viewpoint &@<A?: !696BF9@H@;

Visualization *=B>E:=:?@H@

Workload Characterization -696EB@9>H<M; VM9B:C $9G6H?6;

Workload Clustering *<68:=:?@H@ VM9B:C $9G6H?6;

Workload VM9B:; $9G6H?6;
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