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Introduction

Commercial applications (e.g., transaction 
processing) have become heavily 
dependent on high speed, reliable, mass 
storage (TB - PB)
Integrated Cached Disk Arrays (EMC 
Symmetrix) have become the design of 
choice to supply high-end storage needs 
for business 
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ICDA Architecture
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ICDA Architectures

Fault tolerant and recoverable
RAID 
Battery backed up cache
Dual redundant controllers
Hot pluggable disks and controllers

High performance and scaleable
Large amount of cache memory (4 GB)
Aggressive caching schemes
Multi-host connect
Partitionable
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ICDA Performance

Cache architecture
Aggressive prefetching
Fully associative organization
Complete I/O space directory 

Our work investigates improved cache 
organization and prefetching to improve 
I/O response time
We begin by capturing reference pattern 
traces of I/O workloads
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I/O Tracing
Options

Host-based tracing (e.g., TNF on Solaris)
ICDA resident tracing (e.g., EMC Symmetrix)
SCSI and Fiberchannel tracing (e.g., I-Tech, 
Ancott)

We currently use an SCSI-bus sniffer to 
capture I/O traces

Non-intrusive
Ability to capture multiple I/O streams
Developed a complete set of post processing 
tools
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SCSI Bus Tracing

SCSI Probe
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I/O Reference Trace 
Characteristics

Variable spatial locality
Long range temporal locality
Reasons

Main memory acts as a filter
Spatial locality captured in a page
Majority of the references are for data (versus 
instructions)
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I/O Caching

Currently commercial ICDA designs 
employ a fully associative LIFO or LRU 
replacement and a full I/O space directory
Provides very fast lookup, but this 
implementation is very expensive
Instead we want to reduce this cost by 
using:

 a set-associate lookup
an inverted page table organization
efficient linked structure for performing lookup
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I/O Caching

Existing LUT strategies
table size is proportional to the size of the 
addressable disk space

Linked-List Lookup Structure
uses an inverted page table structure
worst case lookup time is bound by the number 
of hash classes and chain length
table size is proportional to the size of the cache
have also investigated tree-based structures
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Lookup Table Size Growth

64GB I/O address space
64 512B blocks per cache line
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Cache Prefetching

Detect sequential access
Miss prefetching

prefetch next sequential block on a miss

Tagged prefetching
miss prefetching + prefetching on first reference 
to prefetched lines

Prefetching can introduce cache pollution
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Prefetch Buffer Filter

Small, fully associative, table to act as both 
a stream buffer and a victim cache
Increases the associativity of hot cache 
lines
Uses a Least Recently Prefetched 
replacement algorithm
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DSSLOAD
Decision Support System Loading
Restoring a large database system
Highly sequential behavior (approx. 70%)
Approximately 50% reads, 50% writes
Fixed I/O sizes (32 blocks)

DSSQUERY
Decision Support System Query
Querying a large database system
Highly sequential behavior (approx. 70%)
All read accesses
Fixed I/O sizes (32 blocks)

Workloads
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OLTP
On-Line Transaction Processing
Point of sale transactions
Smaller amount of sequential behavior (approx. 30%)
Smaller and variable I/O sizes (avg. 8 blocks)
Approximately 75% reads, 25% writes

Workloads

NUCAR



DSSLOAD

n = length of hash chain
64 block line size
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DSSQUERY

n = length of hash chain
64 block line size
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OLTP

n = length of hash chain
64 block line size
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DSSLOAD

32 block line size
direct mapped
4 entry PBF
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DSSQUERY

32 block line size
direct mapped
4 entry PBF
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OLTP

32 block line size
direct mapped
4 entry PBF
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Disk Traffic

512MB cache
32 block line size
4 entry PBF

DSSLOAD-tagged
DSSLOAD-pbf

DSSQUERY-tagged
DSSQUERY-pbf

OLTP-tagged
OLTP-pbf
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Summary 

I/O commercial workloads present a 
different set of characteristics than those 
present in processor-based workloads
IPT cache organizations can provide 
similar hit rates to full table 
implementations and can reduce memory 
requirements
Prefetching and filtering can greatly 
enhance low associativity cache 
organizations

Future Directions

Cycle-based ICDA model
Adaptive prefetching schemes
Multi-stream caching
COTS NOWs to perform multimedia 
caching





7UDFH�GULYHQ SHUIRUPDQFH H[SORUDWLRQ RI D 3RZHU3& ���7UDFH�GULYHQ SHUIRUPDQFH H[SORUDWLRQ RI D 3RZHU3& ���7UDFH�GULYHQ SHUIRUPDQFH H[SORUDWLRQ RI D 3RZHU3& ���7UDFH�GULYHQ SHUIRUPDQFH H[SORUDWLRQ RI D 3RZHU3& ���

2/73 ZRUNORDG RQ ZLGH VXSHUVFDODU SURFHVVRUV2/73 ZRUNORDG RQ ZLGH VXSHUVFDODU SURFHVVRUV2/73 ZRUNORDG RQ ZLGH VXSHUVFDODU SURFHVVRUV2/73 ZRUNORDG RQ ZLGH VXSHUVFDODU SURFHVVRUV

-� +� 0RUHQR� 0� 0RXGJLOO� -�'� :HOOPDQ� 3�%RVH� /� 7UHYLOO\DQ-� +� 0RUHQR� 0� 0RXGJLOO� -�'� :HOOPDQ� 3�%RVH� /� 7UHYLOO\DQ

,%0 7KRPDV -� :DWVRQ 5HVHDUFK &HQWHU,%0 7KRPDV -� :DWVRQ 5HVHDUFK &HQWHU

<RUNWRZQ +HLJKWV� 1< �����<RUNWRZQ +HLJKWV� 1< �����

:K\ \HW DQRWKHU VXSHUVFDODU SURFHVVRU PRGHO DQG SHUIRUPDQFH HYDOXDWLRQ":K\ \HW DQRWKHU VXSHUVFDODU SURFHVVRU PRGHO DQG SHUIRUPDQFH HYDOXDWLRQ":K\ \HW DQRWKHU VXSHUVFDODU SURFHVVRU PRGHO DQG SHUIRUPDQFH HYDOXDWLRQ":K\ \HW DQRWKHU VXSHUVFDODU SURFHVVRU PRGHO DQG SHUIRUPDQFH HYDOXDWLRQ"

6XSHUVFDODU SURFHVVRUV FRQWLQXH GRPLQDWLQJ WKH ILHOG6XSHUVFDODU SURFHVVRUV FRQWLQXH GRPLQDWLQJ WKH ILHOG

1R DSSDUHQW OLNHOLKRRG RI HQGLQJ VXSHUVFDODU SDUDGLJP LQ QHDU IXWXUH1R DSSDUHQW OLNHOLKRRG RI HQGLQJ VXSHUVFDODU SDUDGLJP LQ QHDU IXWXUH

&RQWLQXLQJ LPSURYHPHQWV LQ IHDWXUHV DQG FDSDELOLWLHV&RQWLQXLQJ LPSURYHPHQWV LQ IHDWXUHV DQG FDSDELOLWLHV

&HUWDLQ DVSHFWV JHWWLQJ HDVLHU GXH WR QXPEHU RI WUDQVLVWRUV DYDLODEOH&HUWDLQ DVSHFWV JHWWLQJ HDVLHU GXH WR QXPEHU RI WUDQVLVWRUV DYDLODEOH

([LVWLQJ SURJUDPV �ELQDU\ FRPSDWLELOLW\�([LVWLQJ SURJUDPV �ELQDU\ FRPSDWLELOLW\�

1HHG IRU HYDOXDWLQJ QHZ LPSOHPHQWDWLRQ FKDOOHQJHV1HHG IRU HYDOXDWLQJ QHZ LPSOHPHQWDWLRQ FKDOOHQJHV

+LJK IUHTXHQF\ REMHFWLYHV+LJK IUHTXHQF\ REMHFWLYHV

1HZ VWUXFWXUHV DQG DOJRULWKPV1HZ VWUXFWXUHV DQG DOJRULWKPV

:LGHU LQVWUXFWLRQ LVVXH:LGHU LQVWUXFWLRQ LVVXH

1HHG WR XQGHUVWDQG LPSDFW RI YDULRXV FODVVHV RI ZRUNORDGV1HHG WR XQGHUVWDQG LPSDFW RI YDULRXV FODVVHV RI ZRUNORDGV

�&RPPHUFLDO� ZRUNORDGV�&RPPHUFLDO� ZRUNORDGV

��������

6XSHUVFDODU SHUIRUPDQFH H[SORUDWLRQ

0RUHQR HW DO�� �������� ���



7KH 0(7� 0LFURDUFKLWHFWXUH ([SORUDWLRQ 7RROVHW7KH 0(7� 0LFURDUFKLWHFWXUH ([SORUDWLRQ 7RROVHW7KH 0(7� 0LFURDUFKLWHFWXUH ([SORUDWLRQ 7RROVHW7KH 0(7� 0LFURDUFKLWHFWXUH ([SORUDWLRQ 7RROVHW

&ROOHFWLRQ RI WRROV IRU H[SORUDWLRQ RI PLFURDUFKLWHFWXUH IHDWXUHV&ROOHFWLRQ RI WRROV IRU H[SORUDWLRQ RI PLFURDUFKLWHFWXUH IHDWXUHV

7UDFH�GULYHQ DQG H[HFXWLRQ�GULYHQ WRROV7UDFH�GULYHQ DQG H[HFXWLRQ�GULYHQ WRROV

)DVW VLPXODWLRQ� !��� 0 LQVW�KRXU)DVW VLPXODWLRQ� !��� 0 LQVW�KRXU

,QWHQGHG WR VXSSRUW HDUO\ H[SORUDWLRQ RI SURFHVVRU RUJDQL]DWLRQV,QWHQGHG WR VXSSRUW HDUO\ H[SORUDWLRQ RI SURFHVVRU RUJDQL]DWLRQV

GHWDLOHG PRGHO RI JHQHUDOL]HG SLSHOLQHGHWDLOHG PRGHO RI JHQHUDOL]HG SLSHOLQH

WUHQGVWUHQGV DPRQJ UHVXOWV LQVWHDG RI WKHLU PDJQLWXGHVDPRQJ UHVXOWV LQVWHDG RI WKHLU PDJQLWXGHV

3URFHVVRU RUJDQL]DWLRQ3URFHVVRU RUJDQL]DWLRQ3URFHVVRU RUJDQL]DWLRQ3URFHVVRU RUJDQL]DWLRQ
L1-I cache

Decode/
Expand

I-TLB 
NFA/Branch

Predictor

L2 cache

Main

L1-D cache

D-TLB 

Memory

Rename/
Dispatch

Issue queue
Load/store

Issue queue
Float.Point

Issue queue
Branch

Load/store
units

Floating-Point
units

Branch
units

Retirement
queue

Integer
units

Load/store
reorder buffer

Cast-out

queue

Store
queue

Miss
queue

I-Buffer

I-
Fe

tc
h

I ssue logic Issue logic Issue logic

Reg. read Reg. read Reg. read

I-Prefetch

TLB2

Issue queue
Integer

Issue logic

Reg. read

Retirement
logic

6XSHUVFDODU SHUIRUPDQFH H[SORUDWLRQ

0RUHQR HW DO�� �������� ���



3LSHOLQH VWDJHV3LSHOLQH VWDJHV3LSHOLQH VWDJHV3LSHOLQH VWDJHV

,QWHJHU

/RDG

)ORDWLQJ

SRLQW

)HWFK)HWFK
'HFRGH'HFRGH
([SDQG([SDQG

5HQDPH5HQDPH
'LVSDWFK'LVSDWFK ,VVXH,VVXH 5HDG5HDG ([HF([HF :%:% 5HWLUH5HWLUH

:%:%)HWFK)HWFK
'HFRGH'HFRGH
([SDQG([SDQG

5HQDPH5HQDPH
'LVSDWFK'LVSDWFK ,VVXH,VVXH 5HDG5HDG ([HF�([HF� ([HF�([HF� ([HF�([HF� 5HWLUH5HWLUH

5HQDPH5HQDPH
'LVSDWFK'LVSDWFK)HWFK)HWFK

'HFRGH'HFRGH
([SDQG([SDQG ,VVXH,VVXH 5HDG5HDG ($($ 'FDFKH DFFHVV'FDFKH DFFHVV 5HWLUH5HWLUH:%:%

2/73 DQG *&& WUDFHV2/73 DQG *&& WUDFHV2/73 DQG *&& WUDFHV2/73 DQG *&& WUDFHV

2/73 *&&

/HQJWK ��� 0 LQVWUXFWLRQV�

XVHU DQG NHUQHO VSDFH

���� 0 LQVWUXFWLRQV�

XVHU VSDFH

%UDQFK LQVWUXFWLRQV ���� � ���� �

%UDQFKHV WDNHQ ���� � ���� �

,QVWUV� LQ NHUQHO VSDFH ���� � Q�D

0HPRU\ DFFHVV LQVWUXFWLRQV ���� � ���� �

/RDG�VWRUH PXOWLSOH LQVWUXFWLRQV ��� � ��� �

6WULQJ LQVWUXFWLRQV ��� � ��� �

/RDG�VWRUH Z�XSGDWH LQVWUV� ��� � ��� �

$YHUDJH EORFN VL]H ��� LQVWUV�

0LVSUHGLFWHG LQVWUXFWLRQV� DGGUHVVHV 1R <HV

6XSHUVFDODU SHUIRUPDQFH H[SORUDWLRQ

0RUHQR HW DO�� �������� ���



&3, DGGHU IRU YDULRXV SURFHVVRU FRQILJXUDWLRQV&3, DGGHU IRU YDULRXV SURFHVVRU FRQILJXUDWLRQV&3, DGGHU IRU YDULRXV SURFHVVRU FRQILJXUDWLRQV&3, DGGHU IRU YDULRXV SURFHVVRU FRQILJXUDWLRQV

2/73 JFF��

���

���

���

���

���

���

���

&3,

)LQLWH�QRQ�SHUIHFW

,QILQLWH�SHUIHFW

&3, DGGHU

0XFK ODUJHU DGGHU LQ WKH FDVH RI 2/73 ZRUNORDG0XFK ODUJHU DGGHU LQ WKH FDVH RI 2/73 ZRUNORDG

0LVV UDWHV �SHU ���� LQVWUXFWLRQV�� ��. /�� �0 /�� ��� HQWULHV 7/%� �. HQWULHV %+70LVV UDWHV �SHU ���� LQVWUXFWLRQV�� ��. /�� �0 /�� ��� HQWULHV 7/%� �. HQWULHV %+70LVV UDWHV �SHU ���� LQVWUXFWLRQV�� ��. /�� �0 /�� ��� HQWULHV 7/%� �. HQWULHV %+70LVV UDWHV �SHU ���� LQVWUXFWLRQV�� ��. /�� �0 /�� ��� HQWULHV 7/%� �. HQWULHV %+7

2/73 *&&

,� ���� ���

,� ��� ����

'� ���� ���

'� ��� ����

, 7/% ��� a�

' 7/% ��� ���

&RQGLWLRQDO EUDQFK PLVSUHGLFWLRQ ��� � ��� �

6XSHUVFDODU SHUIRUPDQFH H[SORUDWLRQ

0RUHQR HW DO�� �������� ���



([SORUDWLRQ VSDFH �LQ WKLV SUHVHQWDWLRQ�([SORUDWLRQ VSDFH �LQ WKLV SUHVHQWDWLRQ�([SORUDWLRQ VSDFH �LQ WKLV SUHVHQWDWLRQ�([SORUDWLRQ VSDFH �LQ WKLV SUHVHQWDWLRQ�

,VVXH SROLF\,VVXH SROLF\ :LGWK:LGWK &DFKH VL]H&DFKH VL]H %UDQFK SUHGLFWLRQ%UDQFK SUHGLFWLRQ

)HWFK�'LVSDWFK�5HWLUH)HWFK�'LVSDWFK�5HWLUH /��,� /��'� /�/��,� /��'� /�

&ODVV�RUGHU ����� ��.� ��.� �0 ���� HQWU\ %+7�
���� %7$&

2XW�RI�RUGHU ������ ���.� ���.� �0 3HUIHFW

�������� ���.� ���.� ,QI

,QI� ,QI� ,QI

:LGWKV:LGWKV 8QLWV8QLWV 3RUWV3RUWV 4XHXHV4XHXHV 3K\VLFDO3K\VLFDO
UHJLVWHUVUHJLVWHUV

)HWFK�)HWFK�
'LVSDWFK�'LVSDWFK�
5HWLUH5HWLUH

);�)3�/6�%5);�)3�/6�%5 'DWD'DWD FDFKHFDFKH
DQG 7/%DQG 7/%

,VVXH�,VVXH�
5HWLUH�5HWLUH�
,%XI,%XI

*35�)35�&&5�635*35�)35�&&5�635

����� ������� � ������������� �����������

������ ������� � ��������� �������������

�������� ������� � ��������� �������������

2WKHU SDUDPHWHUV �H[DPSOHV�2WKHU SDUDPHWHUV �H[DPSOHV�2WKHU SDUDPHWHUV �H[DPSOHV�2WKHU SDUDPHWHUV �H[DPSOHV�

/DWHQFLHV ,�SUHIHWFK EXIIHU ODWHQF\ �F\FOHV� �

'�,�7/%V PLVV SHQDOW\ �F\FOHV� �

7/%� PLVV SHQDOW\ �F\FOHV� ��

/��,�' FDFKH PLVV SHQDOW\ �F\FOHV� �� �

/� FDFKH PLVV SHQDOW\ �F\FOHV� ��

6L]HV ,�SUHIHWFK EXIIHU �HQWULHV� �

0LVV TXHXH� FDVW�RXW TXHXH �HQWULHV� �

6WRUH TXHXH� UHRUGHU EXIIHU �HQWULHV� ��

'�,�7/%V �HQWULHV� ���

7/%� �HQWULHV� ����

/��,�'� /��FDFKH OLQH VL]H �E\WHV� ���

3DJH VL]H �E\WHV� ����

%UDQFK SUHGLFWLRQ %7$& �HQWULHV� ����

/5 VWDFN VL]H �HQWULHV� ��

%UDQFK KLVWRU\ WDEOH �HQWULHV� ����

6XSHUVFDODU SHUIRUPDQFH H[SORUDWLRQ

0RUHQR HW DO�� �������� ����



&3, DGGHUV GXH WR LVVXH SROLF\ �DV � RI EDVH FDVH�&3, DGGHUV GXH WR LVVXH SROLF\ �DV � RI EDVH FDVH�&3, DGGHUV GXH WR LVVXH SROLF\ �DV � RI EDVH FDVH�&3, DGGHUV GXH WR LVVXH SROLF\ �DV � RI EDVH FDVH�

��

�� ���

��

�� ��

��

�� ��

��

�� ��

��

�� ��

��

�� ��

��

�� ��

��

�� ��

�
,
Q
I
3
I

�
,
Q
I
3
I

�
�
,
Q
I
3
I

�
,
/
�
3
I

�
,
/
�
3
I

�
�
,
/
�
3
I

�
/
J
3
I

�
/
J
3
I

�
�
/
J
3
I

�
6
W
3
I

�
6
W
3
I

�
�
6
W
3
I

�
,
Q
I
%

S

�
,
Q
I
%

S

�
�
,
Q
I
%

S

�
,
/
�
%

S

�
,
/
�
%

S

�
�
,
/
�
%

S

�
/
J
%

S

�
/
J
%

S

�
�
/
J
%

S

�
6
W
%

S

�
6
W
%

S

�
�
6
W
%

S

���

���

���

���

&3,

&ODVV�RUGHU

2XW�RI�RUGHU

2/73

��
���

���

��

���
���

��

�� ��

��
��

��

�
,
Q
I
3
I

�
,
Q
I
3
I

�
�
,
Q
I
3
I

�
6
W
3
I

�
6
W
3
I

�
�
6
W
3
I

�
,
Q
I
%

S

�
,
Q
I
%

S

�
�
,
Q
I
%

S

�
6
W
%

S

�
6
W
%

S

�
�
6
W
%

S

���

���

���

���

&3,

&ODVV�RUGHU

2XW�RI�RUGHU

*&&

��

�� �� ��

�� ��

��

�� �� ��

�� ��

��

�� ��
��

�� ��

��

�� ��
��

�� ��

F
�
,
Q
I

F
�
,
Q
I

F
�
�
,
Q
I

R
�
,
Q
I

R
�
,
Q
I

R
�
�
,
Q
I

F
�
,
/
�

F
�
,
/
�

F
�
�
,
/
�

R
�
,
/
�

R
�
,
/
�

R
�
�
,
/
�

F
�
/
J

F
�
/
J

F
�
�
/
J

R
�
/
J

R
�
/
J

R
�
�
/
J

F
�
6
W

F
�
6
W

F
�
�
6
W

R
�
6
W

R
�
6
W

R
�
�
6
W

���

���

���

���

&3,

,PSHUIHFW

3HUIHFW

2/73

&3, DGGHUV GXH WR EUDQFK SUHGLFWLRQ �DV � RI EDVH FDVH�&3, DGGHUV GXH WR EUDQFK SUHGLFWLRQ �DV � RI EDVH FDVH�&3, DGGHUV GXH WR EUDQFK SUHGLFWLRQ �DV � RI EDVH FDVH�&3, DGGHUV GXH WR EUDQFK SUHGLFWLRQ �DV � RI EDVH FDVH�

��

�� ��

��

���
���

��
��

��

��

��
���

F
�
,
Q
I

F
�
,
Q
I

F
�
�
,
Q
I

R
�
,
Q
I

R
�
,
Q
I

R
�
�
,
Q
I

F
�
6
W

F
�
6
W

F
�
�
6
W

R
�
6
W

R
�
6
W

R
�
�
6
W

���

���

���

���

���

���

���

&3,

,PSHUIHFW

3HUIHFW

*&&

6XSHUVFDODU SHUIRUPDQFH H[SORUDWLRQ

0RUHQR HW DO�� �������� �����



&3, DGGHUV GXH WR FDFKH VL]H �DV � RI EDVH FDVH�&3, DGGHUV GXH WR FDFKH VL]H �DV � RI EDVH FDVH�&3, DGGHUV GXH WR FDFKH VL]H �DV � RI EDVH FDVH�&3, DGGHUV GXH WR FDFKH VL]H �DV � RI EDVH FDVH�

��

�� �� ��

��
��

��

�� �� ��

�� ��

F
�
3
I

F
�
3
I

F
�
�
3
I

R
�
3
I

R
�
3
I

R
�
�
3
I

F
�
%

S

F
�
%

S

F
�
�
%

S

R
�
%

S

R
�
%

S

R
�
�
%

S

���

���

���

���

&3,

6W

/J

,/�

,QI

2/73

F
�
3
I

F
�
3
I

F
�
�
3
I

R
�
3
I

R
�
3
I

R
�
�
3
I

F
�
%

S

F
�
%

S

F
�
�
%

S

R
�
%

S

R
�
%

S

R
�
�
%

S

���

���

���

���

���

���

���

&3,

6W

,QI

*&&

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

F
,
Q
I
3
I

R
,
Q
I
3
I

F
,
/
�
3
I

R
,
/
�
3
I

F
/
J
3
I

R
/
J
3
I

F
6
W
3
I

R
6
W
3
I

F
,
Q
I
%

S

R
,
Q
I
%

S

F
,
/
�
%

S

R
,
/
�
%

S

F
/
J
%

S

R
/
J
%

S

F
6
W
%

S

R
6
W
%

S

���

���

���

���

&3,

Z �

Z �

Z ��

2/73

&3, DGGHUV GXH WR SURFHVVRU ZLGWK �DV � RI EDVH FDVH�&3, DGGHUV GXH WR SURFHVVRU ZLGWK �DV � RI EDVH FDVH�&3, DGGHUV GXH WR SURFHVVRU ZLGWK �DV � RI EDVH FDVH�&3, DGGHUV GXH WR SURFHVVRU ZLGWK �DV � RI EDVH FDVH�

��

��

��

��

�

��

�

��

F
,
Q
I
3
I

R
,
Q
I
3
I

F
6
W
3
I

R
6
W
3
I

F
,
Q
I
%

S

R
,
Q
I
%

S

F
6
W
%

S

R
6
W
%

S

���

���

���

���

���

���

���

&3,

Z �

Z �

Z ��

*&&

6XSHUVFDODU SHUIRUPDQFH H[SORUDWLRQ

0RUHQR HW DO�� �������� �����



,Q 2/73 ZRUNORDG,Q 2/73 ZRUNORDG,Q 2/73 ZRUNORDG,Q 2/73 ZRUNORDG

�/HDVW�DJJUHVVLYH� FRQILJXUDWLRQV FRQVLGHUHG�/HDVW�DJJUHVVLYH� FRQILJXUDWLRQV FRQVLGHUHG

�� WR ��� GHJUDGDWLRQ GXH WR FODVV�RUGHU LVVXH�� WR ��� GHJUDGDWLRQ GXH WR FODVV�RUGHU LVVXH

PRUH VHYHUH GHJUDGDWLRQ H[SHFWHG IRU LQ�RUGHU SROLF\PRUH VHYHUH GHJUDGDWLRQ H[SHFWHG IRU LQ�RUGHU SROLF\

�� WR ��� GHJUDGDWLRQ GXH WR LPSHUIHFW EUDQFK SUHGLFWRU�� WR ��� GHJUDGDWLRQ GXH WR LPSHUIHFW EUDQFK SUHGLFWRU

�� WR ��� GHJUDGDWLRQ GXH WR ILQLWH /� FDFKH ����.��� WR ��� GHJUDGDWLRQ GXH WR ILQLWH /� FDFKH ����.�

�� WR ��� GHJUDGDWLRQ GXH WR SURFHVVRU ZLGWK�� WR ��� GHJUDGDWLRQ GXH WR SURFHVVRU ZLGWK

'LPLQLVKLQJ EHQHILWV EH\RQG GLVSDWFKLQJ HLJKW RSHUDWLRQV SHU F\FOH'LPLQLVKLQJ EHQHILWV EH\RQG GLVSDWFKLQJ HLJKW RSHUDWLRQV SHU F\FOH

FRQYHQWLRQDO LQVWUXFWLRQ IHWFKLQJ PHFKDQLVPFRQYHQWLRQDO LQVWUXFWLRQ IHWFKLQJ PHFKDQLVP

6WLOO PDQ\ PLFURDUFKLWHFWXUH LVVXHV WR LQYHVWLJDWH LQ GHWDLO6WLOO PDQ\ PLFURDUFKLWHFWXUH LVVXHV WR LQYHVWLJDWH LQ GHWDLO

&OHDU GLIIHUHQFHV LQ 2/73 EHKDYLRU UHODWLYH WR *&&&OHDU GLIIHUHQFHV LQ 2/73 EHKDYLRU UHODWLYH WR *&&

PHPRU\ SHQDOWLHV LQ 2/73 VKDGRZ RWKHU HIIHFWVPHPRU\ SHQDOWLHV LQ 2/73 VKDGRZ RWKHU HIIHFWV

&DYHDWV GXH WR XVH RI WUDFHV&DYHDWV GXH WR XVH RI WUDFHV

OHQJWKOHQJWK

QXPEHU RI WUDFHV �MXVW RQH LQ WKLV SUHVHQWDWLRQ�QXPEHU RI WUDFHV �MXVW RQH LQ WKLV SUHVHQWDWLRQ�

REVHUYDELOLW\REVHUYDELOLW\

LQ 2/73LQ 2/73

QR PLVSUHGLFWHG SDWKVQR PLVSUHGLFWHG SDWKV

WLPH VFDOLQJWLPH VFDOLQJ

LQ *&&LQ *&&

QR NHUQHO FRGHQR NHUQHO FRGH

2EVHUYDWLRQV2EVHUYDWLRQV2EVHUYDWLRQV2EVHUYDWLRQV

6XSHUVFDODU SHUIRUPDQFH H[SORUDWLRQ

0RUHQR HW DO�� �������� �����



6XPPDU\6XPPDU\6XPPDU\6XPPDU\

(QYLURQPHQW IRU HDUO\ H[SORUDWLRQ(QYLURQPHQW IRU HDUO\ H[SORUDWLRQ

IDVW� IOH[LEOHIDVW� IOH[LEOH

WUHQGVWUHQGV DPRQJ DJJUHVVLYH VXSHUVFDODU RUJDQL]DWLRQVDPRQJ DJJUHVVLYH VXSHUVFDODU RUJDQL]DWLRQV

%HKDYLRU RI 2/73 ZRUNORDG%HKDYLRU RI 2/73 ZRUNORDG

YHU\ GLIIHUHQW IURP RWKHUV �L�H�� 63(&�YHU\ GLIIHUHQW IURP RWKHUV �L�H�� 63(&�

GLIIHUHQW PLFURDUFKLWHFWXUH WUDGHRIIVGLIIHUHQW PLFURDUFKLWHFWXUH WUDGHRIIV

$JJUHVVLYH VXSHUVFDODU$JJUHVVLYH VXSHUVFDODU

EXLOGDEOH"EXLOGDEOH"

QHHG WR TXDQWLI\ SRWHQWLDO SHUIRUPDQFH IURP UHDOL]DEOH LPSOHPHQWDWLRQQHHG WR TXDQWLI\ SRWHQWLDO SHUIRUPDQFH IURP UHDOL]DEOH LPSOHPHQWDWLRQ

QHHG WR LGHQWLI\�GHYHORS IHDWXUHV WKDW SURYLGH EHWWHU UHWXUQQHHG WR LGHQWLI\�GHYHORS IHDWXUHV WKDW SURYLGH EHWWHU UHWXUQ

&3, UHVXOWV LQ 2/73 ZRUNORDG&3, UHVXOWV LQ 2/73 ZRUNORDG&3, UHVXOWV LQ 2/73 ZRUNORDG&3, UHVXOWV LQ 2/73 ZRUNORDG

,VVXH SROLF\ :LGWK

,QI ,/� /J 6W ,QI ,/� /J 6W

F� &ODVV�RUGHU � ���� ���� ���� ���� ���� ���� ���� ����

� ���� ���� ���� ���� ���� ���� ���� ����

�� ���� ���� ���� ���� ���� ���� ���� ����

R� 2XW�RI�RUGHU � ���� ���� ���� ���� ���� ���� ���� ����

� ���� ���� ���� ���� ���� ���� ���� ����

�� ���� ���� ���� ���� ���� ���� ���� ����

%S� ��ELW EUDQFK KLVWRU\ WDEOH
����� HQWULHV�

3I� 3HUIHFW EUDQFK SUHGLFWRU

6XSHUVFDODU SHUIRUPDQFH H[SORUDWLRQ

0RUHQR HW DO�� �������� �����





P
e
r
fo
r
m
a
n
c
e
A
n
a
ly
s
is
o
f
S
h
a
d
o
w

D
ir
e
c
t
o
r
y

P
r
e
fe
t
c
h
in
g

fo
r
T
P
C
-
C

D
a
n
ie
l
H
.
F
rie
n
d
ly

M
a
rk
C
h
a
rn
e
y

ite
s
@
e
e
c
s
.u
m
ic
h
.e
d
u

c
h
a
rn
e
y
@
w
a
ts
o
n
.ib
m
.c
o
m

H
ig
h
P
e
rfo
rm
a
n
c
e
S
y
s
t
e
m
s
G
ro
u
p

IB
M

A
d
v
a
n
c
e
d
C
o
m
p
u
t
e
r
A
rc
h
it
e
c
t
u
re
L
a
b
o
ra
t
o
ry

T
.J
.
W

a
t
s
o
n
R
e
s
e
a
rc
h
C
e
n
t
e
r

U
n
iv
e
rs
ity
o
f
M
ic
h
ig
a
n

Y
o
rk
t
o
w
n
H
e
ig
h
t
s
,
N
Y

A
n
n
A
rb
o
r,
M
I
4
8
1
0
9
-2
1
2
2

F
e
b
ru
a
ry
1
,
1
9
9
8

1



O
u
t
lin
e

�

S
h
a
d
o
w

D
ire
c
to
ry
P
re
fe
tc
h
in
g
(S
D
P
)

�

E
x
p
e
rim
e
n
ta
l
M
o
d
e
l

�

R
e
su
lts

�

C
o
n
c
lu
sio
n
s

2



S
D
P

-
T
h
e
C
o
n
c
e
p
t

�

P
ro
p
o
s
e
d
b
y
P
u
z
a
k
a
n
d
C
h
a
rn
e
y
'9
7

�

R
e
c
o
g
n
iz
e
a
n
d
e
x
p
lo
it
re
c
u
rrin
g
m
e
m
o
ry
a
c
c
e
s
s
p
a
tte
rn
s

�

M
a
in
ta
in
h
is
to
ry
o
f
m
is
s
e
d
c
a
c
h
e
lin
e
s

�

M
is
s
to
lin
e
in
h
is
to
ry
in
itia
te
s
p
re
fe
tc
h
in
g
o
f
s
u
b
s
e
q
u
e
n
t
lin
e
s

3



S
D
P

-
T
h
e
Im
p
le
m
e
n
t
a
t
io
n

�

C
a
p
tu
re
m
is
s
h
is
to
ry
in
L
2
d
ire
c
to
ry

{

A
d
d
N
e
x
t
M
is
s
A
d
d
re
s
s
to
e
a
c
h
L
2
d
ire
c
to
ry
e
n
try

{

A
d
d
L
a
s
t
M
is
s
R
e
g
is
te
rs
in
L
2

�

E
a
c
h
L
2
re
q
u
e
s
t

{

R
e
tu
rn
s
re
q
u
e
s
te
d
lin
e

{

In
itia
te
s
p
re
fe
tc
h
o
f
n
e
x
t
m
is
s
a
d
d
re
s
s

�

C
o
n
�
rm
a
tio
n
m
e
s
s
a
g
e
s
e
n
t
to
L
2
o
n
p
re
fe
tc
h
u
s
e

4



Example

Tag NMA Val.

A

??

??

0

0C

B

B 1

Tag NMA Val.

A

?? 0C

B

1

1

B

C

Tag NMA Val.

A 0

??

0

0C

B

B

C
L2 Directory

L2 sees request for line A:

� Address of A held in last miss register

L2 sees request for line B:

� A's next miss address is updated with line address of B

� Address of B held in last miss register

L2 sees request for line C:

� B's next miss address is updated with line address of C

� Address of C held in last miss register
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Experimental Model

Inst.
Cache Cache

Data
L2
Cache

Processor

Cache
L3

� Wide buses

� Fast Caches

7



C
o
n
�
g
u
r
a
t
io
n

D
e
t
a
ils

P
ro
c
e
s
s
o
r
C
o
re

�

4
-is
s
u
e
lim
ite
d
o
u
t
o
f
o
rd
e
r
s
u
p
e
rs
c
a
la
r,
2
F
X
U
,
1
F
P
U
,
1
L
D
/
S
T
,

1
B
R
N
,
8
K
-e
n
try
B
H
T
,
8
K
-e
n
try
B
T
B
,
1
0
-e
n
try
lin
k
s
ta
c
k

L
1
C
a
c
h
e
s

�

1
c
y
c
le
lo
a
d
-u
s
e
,
1
6
K
,
2
-w
a
y
a
s
s
o
c
.,
1
2
8
B

lin
e
s
,
W
rite
th
ro
u
g
h
,

H
it
u
n
d
e
r
m
is
s
,
2
5
6
K
-e
n
try
2
-w
a
y
a
s
s
o
c
.
T
L
B
s
,
8
-e
n
try
p
re
fe
tc
h

b
u
�
e
r

U
n
i�
e
d
L
2
C
a
c
h
e

�

1
0
c
y
c
le
h
it
tim
e
,
2
M
,
4
-w
a
y
a
s
s
o
c
.,
1
2
8
B

lin
e
s
,
W
rite
b
a
c
k
,
H
it

u
n
d
e
r
m
is
s
,
D
u
a
l
p
o
rte
d
d
ire
c
to
ry,
M
a
in
ta
in
s
s
tric
t
in
c
lu
s
io
n

B
u
s
e
s�

6
4
B

re
p
ly
b
u
s
e
s
,
3
2
B

re
q
u
e
s
t/
s
to
re
b
u
s
e
s
,
C
o
m
m
o
n
L
1
-L
2
b
u
s
e
s

c
lo
c
k
e
d
2
:1
,
L
2
-L
3
b
u
s
e
s
c
lo
c
k
e
d
3
:1

8



T
P
C
-
C

W

o
r
k
lo
a
d

�

P
o
w
e
rP
C

6
0
4
O
ra
c
le
tra
c
e

�

1
0
0
m
illio
n
in
stru
c
tio
n
s

�

B
a
se
m
iss
ra
tio
s

I-C
a
c
h
e
:
2
1
.8
%

(
1
8
.4
m
illio
n
a
c
c
e
s
s
e
s
)

D
-C
a
c
h
e
:
9
.6
%

(
3
9
m
illio
n
a
c
c
e
s
s
e
s
)

L
2
C
a
c
h
e
:
3
.7
%

(
2
1
.3
m
illio
n
a
c
c
e
s
s
e
s
)

9



B
a
s
e
lin
e
R
e
s
u
lt
s

P
re
fe
tc
h
A
lg
o
rith
m

C
P
I

Im
p
ro
v
e
m
e
n
t

N
o
P
re
fe
tc
h

1
.6
9

{

N
e
x
t
S
e
q
u
e
n
tia
l

1
.6
2

4
.1
%

S
h
a
d
o
w

D
ire
c
to
ry

1
.5
6

7
.7
%

In
�
n
ite
L
1
s

0
.9
7

4
2
.6
%

�

S
D
P

s
h
o
w
s
s
ig
n
i�
c
a
n
t
im
p
ro
v
e
m
e
n
ts
o
v
e
r
n
e
x
t
s
e
q
u
e
n
tia
l

1
0



C
o
v
e
r
a
g
e
a
n
d

A
c
c
u
r
a
c
y

C
o
v
e
ra
g
e
-
R
a
tio
o
f
p
re
fe
tc
h
u
se
s
to
b
a
se
c
a
s
e
m
is
s
e
s

A
c
c
u
ra
c
y
-
R
a
tio
o
f
p
re
fe
tc
h
u
se
s
to
p
re
fe
tc
h
e
s
re
c
e
iv
e
d

I-C
a
c
h
e

D
-C
a
c
h
e

P
re
fe
tc
h
A
lg
o
rith
m

I-C
o
v

I-A
c
c

D
-C
o
v

D
-A
c
c

N
e
x
t
S
e
q
u
e
n
tia
l

4
0
%

7
7
%

7
%

2
2
%

S
h
a
d
o
w

D
ire
c
to
ry

4
8
%

7
3
%

2
4
%

4
7
%

�

S
D
P

m
u
c
h
m
o
re
e
�
e
c
tiv
e
fo
r
d
a
ta
p
re
fe
tc
h
in
g

1
1



B
u
s
U
t
iliz
a
t
io
n

�

P
re
fe
tc
h
in
g
tra
d
e
o
�

is
lo
w
e
r
la
te
n
c
y
b
u
t
in
c
re
a
s
e
d
b
a
n
d
w
id
th

�

L
1
-L
2
re
p
ly
b
u
s
is
a
b
o
ttle
n
e
c
k

{

4
c
y
c
le
la
te
n
c
y
fo
r
fu
ll
lin
e
tra
n
s
fe
r

{

N
o
t
p
ip
e
lin
e
d

P
re
fe
tc
h
A
lg
o
rith
m

I-T
ra
�
c

D
-T
ra
�
c

R
e
p
ly
B
u
s
U
til.

N
o
P
re
fe
tc
h

1
0
0
%

1
0
0
%

1
7
%

N
e
x
t
S
e
q
u
e
n
tia
l

1
2
1
%

1
2
5
%

2
3
%

S
h
a
d
o
w

D
ire
c
to
ry

1
2
2
%

1
3
0
%

2
4
%

1
2



R
e
d
u
c
e
R
e
p
ly
B
u
s
C
o
n
t
e
n
t
io
n

�

K
e
e
p
p
re
fe
tc
h
e
s
fro
m

d
e
la
y
in
g
d
e
m
a
n
d
re
q
u
e
sts

�

In
h
ib
it
p
re
fe
tc
h
tra
n
sfe
r
if
d
e
m
a
n
d
re
q
u
e
s
t
p
e
n
d
in
g

{

D
e
m
a
n
d
re
q
u
e
s
t
in
L
2
a
rra
y

{

R
e
p
ly
c
o
m
in
g
fro
m

L
3

1
3



S
k
ip

D
is
t
a
n
c
e

M
o
re
th
a
n
1
0
%

o
f
u
se
fu
l
p
re
fe
tc
h
e
s
a
rriv
e
\
la
te
"

�

A
lte
r
sh
a
d
o
w

d
ire
c
to
ry
m
a
p
p
in
g

{

In
s
te
a
d
o
f
m
is
s
to
n
e
x
t
m
is
s

M
a
p
m
is
s
to
N
-th
m
is
s

{

W

ith
m
is
s
p
a
tte
rn
A
,
B
,
C
,
D

a
n
d
s
k
ip
d
is
ta
n
c
e
o
f
1

A

m
a
p
s
to
C
,
B

m
a
p
s
to
D

�

R
e
d
u
c
e
la
te
n
c
y
o
f
u
se
fu
l
p
re
fe
tc
h
e
s

1
4



R
e
s
u
lt
s

P
re
fe
tc
h
A
lg
o
rith
m

C
P
I

Im
p
ro
v
e
m
e
n
t

N
o
P
re
fe
tc
h

1
.6
9

{

N
e
x
t
S
e
q
u
e
n
tia
l

1
.6
2

4
.1
%

N
e
x
t
S
e
q
.,
L
o
w
e
r
b
u
s
p
rio
rity

1
.6
0

5
.3
%

S
h
a
d
o
w

D
ire
c
to
ry

1
.5
6

7
.7
%

S
D
P
,
L
o
w
e
r
b
u
s
p
rio
rity

1
.5
4

8
.9
%

S
D
P
,
L
o
w
e
r
B
u
s
P
rio
rity,
S
k
ip
1

1
.5
2

1
0
.1
%

In
�
n
ite
L
1
s

0
.9
7

4
2
.6
%

1
5



C
o
n
c
lu
s
io
n
s

�

S
D
P
sh
o
w
n
to
b
o
o
st
p
e
rfo
rm
a
n
c
e
b
y
1
0
%

{

2
5
%

o
f
in
�
n
ite
p
e
rfo
rm
a
n
c
e

�

S
D
P
is
a
lm
o
st
tw
ic
e
a
s
e
�
e
c
tiv
e
a
s
n
e
x
t
se
q
u
e
n
tia
l

{

D
a
ta
p
re
fe
tc
h
in
g
s
ig
n
i�
c
a
n
tly
im
p
ro
v
e
d

1
6



Evaluating Branch Prediction Methods 
for S/390 Processors using Traces 

from Commercial Application 
Workloads

R.B. Hilgendorf, IBM Entwicklung GmbH, Boeblingen, 
Germany

HILGENDO @ de.IBM.com

G.J.Heim, Wilhelm Schickard-Institut fuer Informatik,
Universitaet Tuebingen, Tuebingen, Germany

HEIM @ Informatik.Uni-Tuebingen.de

R.H. G.H. 1



OUTLINE

 Motivation
 The Traces
 Specifics of the ESA/390 Instruction Set
 Prefetch Prediction
 Results for Local History Prediction
 Results for Global History Prediction 
 Hybrid Prediction
 Prediction for Changing Target Addresses 
 Conclusion

R.H. G.H. 2



Branch Prediction Studies for S/390 
were done mainly during the 80's
Can new Algorithms developed by

Yale Patt and his Students 
Scott McFarling
and others

   be used for S/390 Processors
How comparable are S/390 Workloads 
to traditional Specmark Evaluation

Motivation

R.H. G.H. 3



Trace Description

T1: Transaction Processing like Database Queries in 
Warehouse Management and Stock Keeping

T2: Interactive Usage in Program Development like 
Searches, Editing, Compilation, and Testing

T3: Transaction Processing like Hotel-Reservation 
Banking and Order Processing

T4: Batch-Jobs compiled from 130 single Jobs 
including Link- and Run- Steps as well as Assist 
Programs for Data Manipulation   

R.H. G.H. 4



Trace Statistics

Trace T1 T2 T3 T4
# dynamic 
Instructions

1300881 1325359 1309178 1667468

# dynamic 
Branches

285528 321441 312865 359550

# static 
Branches 

19176 27878 21202 15491

# Interrupts 35 65 97 115

# of dynamic 
Executions

1 2 - 3 4 - 8 8 -15 16
- 31

32
- 63

64
-127

>12

# static 
Branches

3402 3663 2402 1743 1532 1323 981 44

    7065      2402                    6024R.H. G.H. 5



Specifics of ESA/390 ISA

17 different Branch Instructions
Majority of the Branches in the Traces are coded as 
Indirect Branches 

Target Address taken from a General Purpose 
Register
Target Address generated by Address Calculation

Conditional Branch may be coded as to Branch-Always
Unconditional Branch may be coded as Not-To-Branch
No explicit Call- and/or Return- Instructions     

R.H. G.H. 6



Prefetch Prediction (Principle)

Instruction Cache

I-Buffer

Execution
Unit

Branch 
Prediction
Error

Branch
Target 
Buffer

Prefetch Address

+Register

Predicted Branch Target Address

Sequential Address
Corrected 
   Address
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Influence of BTB Size 
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Influence of Priming on Table Misses
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Local History: Static Predictions 
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Local History with Adaptive 
Assignment (Principle) 

Prefetch Address

Local History Table

Predicted 
Direction

Pattern Table

History Pattern
for that Branch Counter Value 

for that Pattern 
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Local History with Adaptive Pattern Table
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Local History  with Adaptive Pattern Table
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Using Global History to Access the 
Pattern Table (Principle)

 update 
 History

Prefetch Address

Global History Register Predicted 
Direction

Pattern Table

Columns equal 
Branches per 
Fetch Group 

Counter Value 
for that Pattern XOR

"gshare"

Global Path History Register "gpshare"
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Global History Pattern "gshare"
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Comparing Global- and Path History
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3

3.5

4

D
ire

ct
io

n 
M

is
se

s 
in

 %
 o

f t
ot

al
 B

ra
nc

he
s

Local 
2bit

Local 
adaptive

16 K -Table
"gshare"

16 K -Table
"gpshare"

32 K -Table
"gshare"

32 K -Table
"gpshare"

R.H. G.H. 16



Hybrid Predictor (Principle)
Prefetch Address

Global Path History Register

Predicted 
Direction

 update 
 History

0x1110BTBBTB

Selection
Counter

     selected  
pattern Counter

Local History
Counter

XOR
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Hybrid Predictor
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Hybrid Predictor using Multiple Predictors 
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Changing Target Treatment by Adding Cach e
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Conclusion

The Branch Target Buffer should be as large 
as possible 
Local Adaptive History does not improve 
Prediction Correctness enough to pay for the 
Hardware added  
Modest 2 Way Hybrid Predictor seems to 
have the optimal Cost Performance 
To add Small Return- and Moving-Target- 
Caches improves the Prediction Correctness 
significantly   
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