
-'.�)���
6OLGH��

/HFWXUH����
,�2�,QWURGXFWLRQ

3URI��-RKQ�.XELDWRZLF]
&RPSXWHU�6FLHQFH����

)DOO�����

-'.�)���
6OLGH��

0RWLYDWLRQ��:KR�&DUHV�$ERXW
,�2"

� &38�3HUIRUPDQFH������SHU�\HDU
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7HFKQRORJ\�7UHQGV

Disk Capacity
   now doubles 
   every 
   18 months; before
1990 every 36 motnhs

• Today: Processing Power Doubles Every 18 months

• Today: Memory Size Doubles Every 18 months(4X/3yr)

• Today: Disk Capacity Doubles Every 18 months

• Disk Positioning Rate (Seek + Rotate) Doubles Every Ten Years!

The I/O
GAP

The I/O
GAP
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6WRUDJH�7HFKQRORJ\�'ULYHUV

� 'ULYHQ�E\�WKH�SUHYDLOLQJ�FRPSXWLQJ�SDUDGLJP
² ����V��PLJUDWLRQ�IURP�EDWFK�WR�RQ�OLQH�SURFHVVLQJ
² ����V��PLJUDWLRQ�WR�XELTXLWRXV�FRPSXWLQJ

ª FRPSXWHUV�LQ�SKRQHV��ERRNV��FDUV��YLGHR�FDPHUDV��«
ª QDWLRQZLGH�ILEHU�RSWLFDO�QHWZRUN�ZLWK�ZLUHOHVV�WDLOV

� (IIHFWV�RQ�VWRUDJH�LQGXVWU\�
² (PEHGGHG�VWRUDJH

ª VPDOOHU��FKHDSHU��PRUH�UHOLDEOH��ORZHU�SRZHU
² 'DWD�XWLOLWLHV

ª KLJK�FDSDFLW\��KLHUDUFKLFDOO\�PDQDJHG�VWRUDJH
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+LVWRULFDO�3HUVSHFWLYH
� �����,%0�5DPDF�³�HDUO\�����V�:LQFKHVWHU

² 'HYHORSHG�IRU�PDLQIUDPH�FRPSXWHUV��SURSULHWDU\�LQWHUIDFHV
² 6WHDG\�VKULQN�LQ�IRUP�IDFWRU�����LQ��WR����LQ�

� ����V�GHYHORSPHQWV
² �����LQFK�IORSS\�GLVN�IRUPIDFWRU��PLFURFRGH�LQWR�PDLQIUDPH�
² HDUO\�HPHUJHQFH�RI�LQGXVWU\�VWDQGDUG�GLVN�LQWHUIDFHV

ª 67�����6$6,��60'��(6',

� (DUO\�����V
² 3&V�DQG�ILUVW�JHQHUDWLRQ�ZRUNVWDWLRQV

� 0LG�����V
² &OLHQW�VHUYHU�FRPSXWLQJ
² &HQWUDOL]HG�VWRUDJH�RQ�ILOH�VHUYHU

ª DFFHOHUDWHV�GLVN�GRZQVL]LQJ����LQFK�WR������LQFK
² 0DVV�PDUNHW�GLVN�GULYHV�EHFRPH�D�UHDOLW\

ª LQGXVWU\�VWDQGDUGV��6&6,��,3,��,'(
ª �����LQFK�GULYHV�IRU�VWDQGDORQH�3&V��(QG�RI�SURSULHWDU\�LQWHUIDFHV
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'LVN�+LVWRU\

Data 
density
Mbit/sq. in.

Capacity of
Unit Shown
Megabytes

1973:
1. 7 Mbit/sq. in
140 MBytes

1979:
7. 7 Mbit/sq. in
2,300 MBytes

source: New York Times, 2/23/98, page C3, 
“Makers of disk drives crowd even mroe data into even smaller spaces”
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+LVWRULFDO�3HUVSHFWLYH

� /DWH�����V�(DUO\�����V�
² /DSWRSV��QRWHERRNV���SDOPWRSV�
² ����LQFK������LQFK�������LQFK�IRUPIDFWRUV�
² )RUPIDFWRU�SOXV�FDSDFLW\�GULYHV�PDUNHW��QRW�VR�PXFK
SHUIRUPDQFH
ª 5HFHQWO\�%DQGZLGWK�LPSURYLQJ�DW������\HDU

² &KDOOHQJHG�E\�'5$0��IODVK�5$0�LQ�3&0&,$�FDUGV
ª VWLOO�H[SHQVLYH��,QWHO�SURPLVHV�EXW�GRHVQ·W�GHOLYHU
ª XQDWWUDFWLYH�0%\WHV�SHU�FXELF�LQFK

² 2SWLFDO�GLVN�IDLOV�RQ�SHUIRUPDFH��H�J���1(;7��EXW�ILQGV
QLFKH��&'�520�
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'LVN�+LVWRU\

1989:
63 Mbit/sq. in
60,000 MBytes

1997:
1450 Mbit/sq. in
2300 MBytes

source: New York Times, 2/23/98, page C3, 
“Makers of disk drives crowd even mroe data into even smaller spaces”

1997:
3090 Mbit/sq. in
8100 MBytes
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0%LWV�SHU�VTXDUH�LQFK�
'5$0�DV���RI�'LVN�RYHU�WLPH
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source: New York Times, 2/23/98, page C3, 
“Makers of disk drives crowd even mroe data into even smaller spaces”

470 v. 3000 Mb/si

9  v. 22 Mb/si

0.2  v. 1.7 Mb/si
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$OWHUQDWLYH�'DWD�6WRUDJH
7HFKQRORJLHV��(DUO\�����V

&DS %3, 73, %3,
73, 'DWD�;IHU
$FFHVV

7HFKQRORJ\ �0%� �0LOOLRQ� �.%\WH�V���7LPH
&RQYHQWLRQDO�7DSH�
&DUWULGJH������� ��� ����� ��� ������ ������ PLQXWHV
,%0����������� ��� ����� �� ������ ���� VHFRQGV
+HOLFDO�6FDQ�7DSH�
9LGHR���PP� ���� ����� ���� ���� ����� ���VHFV
'$7���PP� ���� ����� ���� ��� ����� ���VHFV

0DJQHWLF�	�2SWLFDO�'LVN�
+DUG�'LVN������������� ������ ���� ���� ���� ���PV
,%0������������������������� ���� ���� ���� ���PV

6RQ\�02������������� ����� ����� ��� ������ ����PV
-'.�)���
6OLGH���

7KH��WKHU6WRUH�9LHZ
�:RUOG�ZLGH�GDWD�
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3URSHUWLHV�RI��WKHU6WRUH
� 6HUYHUOHVV��+RPHOHVV��(QFU\SWHG�GDWD

² (DV\�VKDULQJ�RI�LQIRUPDWLRQ�EHWZHHQ�DQ\RQH��DQ\ZKHUH
² &DFKLQJ�RI�GDWD�DQ\ZKHUH
² '\QDPLF�FRQVWUXFWLRQ�RI�GDWD�GLVWULEXWLRQ�WUHHV
² 6WRUDJH�FDQ�EH�FRQWULEXWHG�E\�PDQ\�GLIIHUHQW�FRPSDQLHV��MXVW�OLNH
SKRQH�VHUYLFH�

� 6HSDUDWLQJ�WKH�´:KHUHµ�IURP�WKH�´:KDWµ
² 9LHZ�ZRUOG�DV�´RFHDQ�RI�GDWDµ

� +LJKO\�DYDLODEOH��GDWD�DOZD\V�GXSOLFDWHG
² +LJKHU�SUREDELOLW\�DFFHVV�
² 'LVDVWHU�UHFRYHU\��´ELJ�RQHµ�LQ�&DOLIRUQLD�GRHVQ·W�GHVWUR\�\RXU�GDWD�

� :LUHOHVV�GHYLFHV�SOXJ�LQ�DQ\ZKHUH�
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'HYLFHV��0DJQHWLF�'LVNV

Sector
Track

Cylinder

Head
Platter

� 3XUSRVH�
² �/RQJ�WHUP��QRQYRODWLOH�VWRUDJH
² �/DUJH��LQH[SHQVLYH��VORZ�OHYHO�LQ
WKH�VWRUDJH�KLHUDUFK\

� &KDUDFWHULVWLFV�
² �6HHN�7LPH��a��!�DQT�PV�DYJ�
ª SRVLWLRQDO�ODWHQF\
ª URWDWLRQDO�ODWHQF\

� �7UDQVIHU�UDWH
² $ERXW�D�VHFWRU�SHU�PV
���������0%�V�

² %ORFNV

� �&DSDFLW\
² *LJDE\WHV
² 4XDGUXSOHV�HYHU\���\HDUV
�����DHURG\QDPLFV�

7200 RPM = 120 RPS => 8 ms per rev
    ave rot. latency = 4 ms
128 sectors per track => 0.0625 ms per sector
1 KB per sector => 16 MB / s

Response time
 = Queue + Controller + Seek + Rot + Xfer

Service time
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'LVN�'HYLFH�7HUPLQRORJ\

Disk Latency = Queuing Time + Seek Time + Rotation Time + Xfer Time

Order of magnitude times for 4K byte transfers:

Seek: 12 ms or less

Rotate: 4.2 ms @ 7200 rpm (8.3 ms @ 3600 rpm )

Xfer: 1 ms @ 7200 rpm (2 ms @ 3600 rpm) -'.�)���
6OLGH���

&6�����$GPLQLVWULYLD
� 8SFRPLQJ�VFKHGXOH�RI�SURMHFW�HYHQWV�LQ�&6����

² :HGQHVGD\�'HF����ILQLVK�,�2�
² )ULGD\�'HF����(VRWHULF�FRPSXWDWLRQ���4XDQWXP�'1$�FRPSXWLQJ

² 0RQ�7XH�'HF�����IRU�RUDO�UHSRUWV
² )ULGD\�'HF�����SURMHFW�UHSRUWV�GXH�

*HW�PRYLQJ���
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7DSH�YV��'LVN
•  Longitudinal tape uses same technology as 
   hard disk; tracks its density improvements

• Disk head flies above surface, tape head lies on surface

• Disk fixed, tape removable

•  Inherent cost-performance based on geometries:
   fixed rotating platters with gaps 
  (random access, limited area, 1 media / reader)
vs.
   removable long strips  wound on spool
  (sequential access, "unlimited" length,  multiple / reader)

• New technology trend: 
     Helical Scan (VCR, Camcoder, DAT) 
     Spins head at angle to tape to improve density
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&XUUHQW�'UDZEDFNV�WR�7DSH
� 7DSH�ZHDU�RXW�

² +HOLFDO����V�RI�SDVVHV�WR�����V�IRU�ORQJLWXGLQDO

� +HDG�ZHDU�RXW�
² �����KRXUV�IRU�KHOLFDO

� %RWK�PXVW�EH�DFFRXQWHG�IRU�LQ�HFRQRPLF��
UHOLDELOLW\�PRGHO

� /RQJ�UHZLQG��HMHFW��ORDG��VSLQ�XS�WLPHV�
QRW�LQKHUHQW��MXVW�QR�QHHG�LQ�PDUNHWSODFH��VR
IDU�

� 'HVLJQHG�IRU�DUFKLYDO
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$XWRPDWHG�&DUWULGJH�6\VWHP

STC 4400

������[�������*%������WDSHV� ���7%\WHV�LQ�����
���������2�(�0��3ULFH

������[����*%��'��WDSHV� ������7%\WHV�LQ�����
/LEUDU\�RI�&RQJUHVV��DOO�LQIRUPDWLRQ�LQ�WKH�ZRUOG�
LQ�������$6&,,�RI�DOO�ERRNV� ����7%

8 feet

10 feet
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5HODWLYH�&RVW�RI�6WRUDJH
7HFKQRORJ\³/DWH������(DUO\�����

0DJQHWLF�'LVNV
����µ ����*% ����� ������0%

����� ������0%
���µ ����*% ����� ������0%

���� ������0%
���µ ����0% ���� ������0%

����*% ���� ������0%

2SWLFDO�'LVNV
����µ ����*% ��������� ������0%

��������� ������0%

3&0&,$�&DUGV
6WDWLF�5$0 ����0% ���� �����0%
)ODVK�5$0 �����0% �����
����0%

����0% ����� �������0%
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'LVN�,�2�3HUIRUPDQFH

Response time = Queue + Device Service time

100%

Response
Time (ms)

Throughput 
(% total BW)

0

100

200

300

0%

Proc

Queue

IOC Device

Metrics:
   Response Time
   Throughput
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5HVSRQVH�7LPH�YV��3URGXFWLYLW\
� ,QWHUDFWLYH�HQYLURQPHQWV�

(DFK�LQWHUDFWLRQ�RU�WUDQVDFWLRQ�KDV���SDUWV�
² (QWU\�7LPH��WLPH�IRU�XVHU�WR�HQWHU�FRPPDQG
² 6\VWHP�5HVSRQVH�7LPH��WLPH�EHWZHHQ�XVHU�HQWU\�	�V\VWHP
UHSOLHV

² 7KLQN�7LPH��7LPH�IURP�UHVSRQVH�XQWLO�XVHU�EHJLQV�QH[W�FRPPDQG
���VW�WUDQVDFWLRQ

�
�QG�WUDQVDFWLRQ

� :KDW�KDSSHQV�WR�WUDQVDFWLRQ�WLPH�DV�VKULQN
V\VWHP�UHVSRQVH�WLPH�IURP�����VHF�WR�����VHF"
² :LWK�.H\ERDUG������VHF�HQWU\������VHF�WKLQN�WLPH
² :LWK�*UDSKLFV��������VHF�HQWU\������VHF�WKLQN�WLPH
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Time

0.00 5.00 10.00 15.00

graphics
1.0s

graphics
0.3s

conventional
1.0s

conventional
0.3s

entry resp think

5HVSRQVH�7LPH�	�3URGXFWLYLW\

� ���VHF�RII�UHVSRQVH�VDYHV�����VHF�������DQG�����VHF
������WRWDO�WLPH�SHU�WUDQVDFWLRQ� !�JUHDWHU�SURGXFWLYLW\

� $QRWKHU�VWXG\��HYHU\RQH�JHWV�PRUH�GRQH�ZLWK�IDVWHU
UHVSRQVH��EXW�QRYLFH�ZLWK�IDVW�UHVSRQVH� �H[SHUW�ZLWK
VORZ
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'LVN�7LPH�([DPSOH
� 'LVN�3DUDPHWHUV�

² 7UDQVIHU�VL]H�LV��.�E\WHV
² $GYHUWLVHG�DYHUDJH�VHHN�LV����PV
² 'LVN�VSLQV�DW������530
² 7UDQVIHU�UDWH�LV���0%�VHF

� &RQWUROOHU�RYHUKHDG�LV���PV
� $VVXPH�WKDW�GLVN�LV�LGOH�VR�QR�TXHXLQJ�GHOD\
� :KDW�LV�$YHUDJH�'LVN�$FFHVV�7LPH�IRU�D�6HFWRU"

² $YH�VHHN���DYH�URW�GHOD\���WUDQVIHU�WLPH���FRQWUROOHU�RYHUKHDG
² ���PV�������������530���������.%���0%�V�����PV
² ������������������ ����PV

� $GYHUWLVHG�VHHN�WLPH�DVVXPHV�QR�ORFDOLW\��W\SLFDOO\
����WR�����DGYHUWLVHG�VHHN�WLPH�����PV� !����PV
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%XW��:KDW�DERXW�TXHXH�WLPH"
2U��ZK\�QRQOLQHDU�UHVSRQVH

Response time = Queue + Device Service time

100%

Response
Time (ms)

Throughput 
(% total BW)

0

100

200

300
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Proc

Queue

IOC Device

Metrics:
   Response Time
   Throughput
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'HSDUWXUH�WR�GLVFXVV�TXHXHLQJ
WKHRU\

�2Q�ERDUG�

-'.�)���
6OLGH���

,QWURGXFWLRQ�WR
4XHXHLQJ�7KHRU\

� 0RUH�LQWHUHVWHG�LQ�ORQJ�WHUP��VWHDG\�VWDWH
WKDQ�LQ�VWDUWXS� !�$UULYDOV� �'HSDUWXUHV

� /LWWOH·V�/DZ�
0HDQ�QXPEHU�WDVNV�LQ�V\VWHP� �DUULYDO�UDWH
[�PHDQ�UHSRQVH�WLPH
² 2EVHUYHG�E\�PDQ\��/LWWOH�ZDV�ILUVW�WR�SURYH

� $SSOLHV�WR�DQ\�V\VWHP�LQ�HTXLOLEULXP�
DV�ORQJ�DV�QRWKLQJ�LQ�EODFN�ER[
LV�FUHDWLQJ�RU�GHVWUR\LQJ�WDVNV

Arrivals Departures
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$�/LWWOH�4XHXLQJ�7KHRU\�
1RWDWLRQ

� 4XHXLQJ�PRGHOV�DVVXPH�VWDWH�RI�HTXLOLEULXP�
LQSXW�UDWH� �RXWSXW�UDWH

� 1RWDWLRQ�
� U DYHUDJH�QXPEHU�RI�DUULYLQJ�FXVWRPHUV�VHFRQG
7VHU DYHUDJH�WLPH�WR�VHUYLFH�D�FXVWRPHU��WUDGWLRQDOO\��� ����7VHU��
X VHUYHU�XWLOL]DWLRQ���������X� �U�[�7VHU���RU�X� �U���7VHU��
7T DYHUDJH�WLPH�FXVWRPHU�LQ�TXHXH
7V\V DYHUDJH�WLPH�FXVWRPHU�LQ�V\VWHP��7V\V� �7T���7VHU
/T DYHUDJH�OHQJWK�RI�TXHXH��/T� �U�[�7T
/V\V DYHUDJH�OHQJWK�RI�V\VWHP��/V\V� �U�[�7V\V

� /LWWOH·V�/DZ��/HQJWKV\VWHP�� �UDWH�[�7LPHV\VWHP
�0HDQ�QXPEHU�FXVWRPHUV� �DUULYDO�UDWH�[�PHDQ�VHUYLFH�WLPH�

Proc IOC Device

Queue server

System



-'.�)���
6OLGH���

$�/LWWOH�4XHXLQJ�7KHRU\

� 6HUYLFH�WLPH�FRPSOHWLRQV�YV��ZDLWLQJ�WLPH�IRU�D�EXV\
VHUYHU��UDQGRPO\�DUULYLQJ�HYHQW�MRLQV�D�TXHXH�RI
DUELWUDU\�OHQJWK�ZKHQ�VHUYHU�LV�EXV\�
RWKHUZLVH�VHUYLFHG�LPPHGLDWHO\
² 8QOLPLWHG�OHQJWK�TXHXHV�NH\�VLPSOLILFDWLRQ

� $�VLQJOH�VHUYHU�TXHXH��FRPELQDWLRQ�RI�D�VHUYLFLQJ
IDFLOLW\�WKDW�DFFRPRGDWHV���FXVWRPHU�DW�D�WLPH
�VHUYHU����ZDLWLQJ�DUHD��TXHXH���WRJHWKHU�FDOOHG�D
V\VWHP

� 6HUYHU�VSHQGV�D�YDULDEOH�DPRXQW�RI�WLPH�ZLWK
FXVWRPHUV��KRZ�GR�\RX�FKDUDFWHUL]H�YDULDELOLW\"
² 'LVWULEXWLRQ�RI�D�UDQGRP�YDULDEOH��KLVWRJUDP"�FXUYH"

Proc IOC Device

Queue server

System
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$�/LWWOH�4XHXLQJ�7KHRU\

� 6HUYHU�VSHQGV�D�YDULDEOH�DPRXQW�RI�WLPH�ZLWK�FXVWRPHUV
² :HLJKWHG�PHDQ�P�� ��I��[�7����I��[�7��������IQ�[�7Q��)���) I���
I�����

² YDULDQFH� ��I��[�7�����I��[�7���������IQ�[�7Q���)�²�P��
ª 0XVW�NHHS�WUDFN�RI�XQLW�RI�PHDVXUH������PV��YV������V���

² 6TXDUHG�FRHIILFLHQW�RI�YDULDQFH��&� �YDULDQFH�P��
ª 8QLWOHVV�PHDVXUH������PV��YV������V��

� ([SRQHQWLDO�GLVWULEXWLRQ�&� �����PRVW�VKRUW�UHODWLYH�WR�DYHUDJH��IHZ
RWKHUV�ORQJ������������[�DYHUDJH��������DYHUDJH

� +\SRH[SRQHQWLDO�GLVWULEXWLRQ�&�������PRVW�FORVH�WR�DYHUDJH�
& ���� !�����������[�DYHUDJH��RQO\�������DYHUDJH

� +\SHUH[SRQHQWLDO�GLVWULEXWLRQ�&�!�����IXUWKHU�IURP�DYHUDJH
& ���� !�����������[�DYHUDJH��������DYHUDJH

Proc IOC Device

Queue server

System

Avg.
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$�/LWWOH�4XHXLQJ�7KHRU\�
9DULDEOH�6HUYLFH�7LPH

� 6HUYHU�VSHQGV�D�YDULDEOH�DPRXQW�RI�WLPH�ZLWK�FXVWRPHUV
² :HLJKWHG�PHDQ�P�� ��I�[7����I�[7��������IQ;7Q��)���) I��I������
² 6TXDUHG�FRHIILFLHQW�RI�YDULDQFH�&

� 'LVN�UHVSRQVH�WLPHV�&�ö�������PDMRULW\�VHHNV��
DYHUDJH�

� <HW�XVXDOO\�SLFN�&� �����IRU�VLPSOLFLW\
� $QRWKHU�XVHIXO�YDOXH�LV�DYHUDJH�WLPH
PXVW�ZDLW�IRU�VHUYHU�WR�FRPSOHWH�WDVN��P��]�
² 1RW�MXVW�����[�P��EHFDXVH�GRHVQ·W�FDSWXUH�YDULDQFH
² &DQ�GHULYH�P��]�� �����[�P��[������&�
² 1R�YDULDQFH� !�& ��� !�P��]�� �����[�P�

Proc IOC Device

Queue server

System
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$�/LWWOH�4XHXLQJ�7KHRU\�
$YHUDJH�:DLW�7LPH

� &DOFXODWLQJ�DYHUDJH�ZDLW�WLPH�LQ�TXHXH�7T
² ,I�VRPHWKLQJ�DW�VHUYHU��LW�WDNHV�WR�FRPSOHWH�RQ�DYHUDJH�P��]�
² &KDQFH�VHUYHU�LV�EXV\� �X��DYHUDJH�GHOD\�LV�X�[�P��]�
² $OO�FXVWRPHUV�LQ�OLQH�PXVW�FRPSOHWH��HDFK�DYJ�7VHU

� 7T� �X�[�P��]�����/T�[�7V�HU �����[�X�[��7VHU��[������&�����/T�[�7V
HU
7T� �����[�X�[�7V�HU�[������&�����U�[�7T�[�7V�HU
7T� �����[�X�[�7V�HU��[������&�����X�[�7T
7T�[����²�X��� �7V�HU��[��X��[������&����
7T� �7V�HU�[��X��[�������&�������[����²�X��

� 1RWDWLRQ�
� U DYHUDJH�QXPEHU�RI�DUULYLQJ�FXVWRPHUV�VHFRQG
7VHU DYHUDJH�WLPH�WR�VHUYLFH�D�FXVWRPHU
X VHUYHU�XWLOL]DWLRQ���������X� �U�[�7VHU
7T DYHUDJH�WLPH�FXVWRPHU�LQ�TXHXH
/T� DYHUDJH�OHQJWK�RI�TXHXH�/T �U�[�7T
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$�/LWWOH�4XHXLQJ�7KHRU\�
0�*���DQG�0�0��

� $VVXPSWLRQV�VR�IDU�
² 6\VWHP�LQ�HTXLOLEULXP
² 7LPH�EHWZHHQ�WZR�VXFFHVVLYH�DUULYDOV�LQ�OLQH�DUH�UDQGRP
² 6HUYHU�FDQ�VWDUW�RQ�QH[W�FXVWRPHU�LPPHGLDWHO\�DIWHU�SULRU�ILQLVKHV
² 1R�OLPLW�WR�WKH�TXHXH��ZRUNV�)LUVW�,Q�)LUVW�2XW
² $IWHUZDUG��DOO�FXVWRPHUV�LQ�OLQH�PXVW�FRPSOHWH��HDFK�DYJ�7VHU

� 'HVFULEHG�´PHPRU\OHVVµ�RU�0DUNRYLDQ�UHTXHVW�DUULYDO
�0�IRU�& ��H[SRQHQWLDOO\�UDQGRP���*HQHUDO�VHUYLFH
GLVWULEXWLRQ��QR�UHVWULFWLRQV�����VHUYHU��0�*���TXHXH

� :KHQ�6HUYLFH�WLPHV�KDYH�&� ����0�0���TXHXH
7T� �7VHU��[��X��[������&������[����²�X��� ��7VHU��[��X���
���²�X�

� 7VHU DYHUDJH�WLPH�WR�VHUYLFH�D�FXVWRPHU
X VHUYHU�XWLOL]DWLRQ���������X� �U�[�7VHU
7T DYHUDJH�WLPH�FXVWRPHU�LQ�TXHXH
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$�/LWWOH�4XHXLQJ�7KHRU\�
$Q�([DPSOH

� SURFHVVRU�VHQGV����[��.%�GLVN�,�2V�SHU�VHFRQG�
UHTXHVWV�	�VHUYLFH�H[SRQHQWLDOO\�GLVWULE���DYJ��GLVN
VHUYLFH� ����PV

� 2Q�DYHUDJH��KRZ�XWLOL]HG�LV�WKH�GLVN"
² :KDW�LV�WKH�QXPEHU�RI�UHTXHVWV�LQ�WKH�TXHXH"
² :KDW�LV�WKH�DYHUDJH�WLPH�VSHQW�LQ�WKH�TXHXH"
² :KDW�LV�WKH�DYHUDJH�UHVSRQVH�WLPH�IRU�D�GLVN�UHTXHVW"

� 1RWDWLRQ�
� U DYHUDJH�QXPEHU�RI�DUULYLQJ�FXVWRPHUV�VHFRQG� ���

7VHU DYHUDJH�WLPH�WR�VHUYLFH�D�FXVWRPHU� ����PV������V�
X VHUYHU�XWLOL]DWLRQ���������X� �U�[�7VHU ����V�[����V� ����
7T DYHUDJH�WLPH�FXVWRPHU�LQ�TXHXH� �7VHU��[��X�������²�X�

 ����[������������� ����[������ ���PV��������V�
7V\V� DYHUDJH�WLPH�FXVWRPHU�LQ�V\VWHP��7V\V� 7T��7VHU ����PV
/T DYHUDJH�OHQJWK�RI�TXHXH�/T �U�[�7T
�  ����V�[�����V� ������UHTXHVWV�LQ�TXHXH
/V\V� DYHUDJH���WDVNV�LQ�V\VWHP��/V\V� �U�[�7V\V� ����V�[�����V� �����
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$�/LWWOH�4XHXLQJ�7KHRU\�
$QRWKHU�([DPSOH

� SURFHVVRU�VHQGV����[��.%�GLVN�,�2V�SHU�VHF���UHTXHVWV
	�VHUYLFH�H[SRQHQWLDOO\�GLVWULE���DYJ��GLVN�VHUYLFH� ���
PV

� 2Q�DYHUDJH��KRZ�XWLOL]HG�LV�WKH�GLVN"
² :KDW�LV�WKH�QXPEHU�RI�UHTXHVWV�LQ�WKH�TXHXH"
² :KDW�LV�WKH�DYHUDJH�WLPH�D�VSHQW�LQ�WKH�TXHXH"
² :KDW�LV�WKH�DYHUDJH�UHVSRQVH�WLPH�IRU�D�GLVN�UHTXHVW"

� 1RWDWLRQ�
� U DYHUDJH�QXPEHU�RI�DUULYLQJ�FXVWRPHUV�VHFRQG ���

7VHU DYHUDJH�WLPH�WR�VHUYLFH�D�FXVWRPHU ����PV
X VHUYHU�XWLOL]DWLRQ���������X� �U�[�7VHU ����V�[�����V� �����
7T DYHUDJH�WLPH�FXVWRPHU�LQ�TXHXH� �7V�HU�[��X�������²�X�

 ����[��������������� ����[������ �����PV
7V\V� DYHUDJH�WLPH�FXVWRPHU�LQ�V\VWHP��7V\V� 7T��7VHU ������PV
/T DYHUDJH�OHQJWK�RI�TXHXH�/T �U�[�7T
�  ����V�[������V� �������UHTXHVWV�LQ�TXHXH
�/V\V� DYHUDJH���WDVNV�LQ�V\VWHP���/V\V� �U�[�7V\V� ����V�[�����V� �����
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$�/LWWOH�4XHXLQJ�7KHRU\�
<HW�$QRWKHU�([DPSOH

� 6XSSRVH�SURFHVVRU�VHQGV����[��.%�GLVN�,�2V�SHU�VHFRQG�
VTXDUHG�FRHI��YDU��&�� ������DYJ��GLVN�VHUYLFH�WLPH� ���
PV

� 2Q�DYHUDJH��KRZ�XWLOL]HG�LV�WKH�GLVN"
² :KDW�LV�WKH�QXPEHU�RI�UHTXHVWV�LQ�WKH�TXHXH"
² :KDW�LV�WKH�DYHUDJH�WLPH�D�VSHQW�LQ�WKH�TXHXH"
² :KDW�LV�WKH�DYHUDJH�UHVSRQVH�WLPH�IRU�D�GLVN�UHTXHVW"

� 1RWDWLRQ�
� U DYHUDJH�QXPEHU�RI�DUULYLQJ�FXVWRPHUV�VHFRQG ���

7VHU DYHUDJH�WLPH�WR�VHUYLFH�D�FXVWRPHU ����PV
X VHUYHU�XWLOL]DWLRQ���������X� �U�[�7VHU ����V�[����V� ����
7T DYHUDJH�WLPH�FXVWRPHU�LQ�TXHXH� �7VHU��[��X��[������&������[����²�X��

 ����[��������������²������ ����[������ ������PV
�7V\V� DYHUDJH�WLPH�FXVWRPHU�LQ�V\VWHP��7V\V� �7T��7VHU ����PV
/T DYHUDJH�OHQJWK�RI�TXHXH�/T �U�[�7T
�  ����V�[�����V� ������UHTXHVWV�LQ�TXHXH
/V\V DYHUDJH���WDVNV�LQ�V\VWHP��/V\V� �U�[�7V\V� ����V�[�����V� �����
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3URFHVVRU�,QWHUIDFH�,VVXHV

� �3URFHVVRU�LQWHUIDFH
² ,QWHUUXSWV
² 0HPRU\�PDSSHG�,�2

� �,�2�&RQWURO�6WUXFWXUHV
² 3ROOLQJ
² ,QWHUUXSWV
² '0$
² ,�2�&RQWUROOHUV
² ,�2�3URFHVVRUV

� &DSDFLW\��$FFHVV�7LPH��%DQGZLGWK
� �,QWHUFRQQHFWLRQV

² %XVVHV
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,�2�,QWHUIDFH

Independent I/O Bus

CPU

Interface Interface

Peripheral Peripheral

Memory

memory
bus

Seperate I/O instructions (in,out)

CPU

Interface Interface

Peripheral Peripheral

Memory

Lines distinguish between
      I/O and memory transferscommon memory

& I/O bus

VME bus
Multibus-II
Nubus

40 Mbytes/sec
optimistically

10 MIP processor
completely
saturates the bus!
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0HPRU\�0DSSHG�,�2

Single Memory & I/O Bus 
No Separate I/O Instructions

CPU

Interface Interface

Peripheral Peripheral

Memory

ROM

RAM

I/O$

CPU

L2 $

Memory Bus

Memory Bus Adaptor

I/O bus
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3URJUDPPHG�,�2��3ROOLQJ�

CPU

IOC

device

Memory

Is the
data

ready?

read
data

store
data

yes
no

done? no
yes

busy wait loop
not an efficient

way to use the CPU
unless the device

is very fast!

but checks for I/O 
completion can be
dispersed among
computationally
intensive code
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,QWHUUXSW�'ULYHQ�'DWD�7UDQVIHU
CPU

IOC

device

Memory

add
sub
and
or
nop

read
store
...
rti

memory

user
program(1) I/O

interrupt

(2) save PC

(3) interrupt
service addr

interrupt
service
routine(4)

Device xfer rate = 10 MBytes/sec => 0 .1 x 10   sec/byte => 0.1 µsec/byte 
                                                         => 1000 bytes = 100 µsec 
1000 transfers x 100 µsecs = 100 ms = 0.1 CPU seconds

-6

User program progress only halted during 
      actual transfer

1000 transfers at 1 ms each:
      1000 interrupts @ 2 µsec per interrupt
      1000 interrupt service @ 98 µsec each = 0.1 CPU seconds

Still far from device transfer rate! 1/2 in interrupt overhead -'.�)���
6OLGH���

'LUHFW�0HPRU\�$FFHVV

CPU

IOC

device

Memory DMAC

Time to do 1000 xfers at 1 msec each:
1 DMA set-up sequence @ 50 µsec
1 interrupt @ 2 µsec
1 interrupt service sequence @ 48 µsec

.0001 second of CPU time

CPU sends a starting address, 
direction,  and length count to 
DMAC. Then issues "start".

DMAC provides handshake signals for Peripheral
Controller, and Memory Addresses and handshake
signals for Memory.

0
ROM

RAM

Peripherals

DMAC
n

Memory 
Mapped I/O
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,QSXW�2XWSXW�3URFHVVRUV
CPU IOP

Mem

D1

D2

Dn

.  .  .
main memory

bus

I/O
bus

CPU

IOP

issues instruction to IOP

interrupts when done
(1)

memory

(2)

(3)

(4)

Device to/from memory
transfers are controlled
by the IOP directly.

IOP steals memory cycles.

OP   Device   Address

target device
where cmnds are

looks in memory for commands

OP   Addr   Cnt   Other

what
to do

where
to put
data

how
much

special
requests
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5HODWLRQVKLS�WR�3URFHVVRU�$UFKLWHFWXUH
� ,�2�LQVWUXFWLRQV�KDYH�ODUJHO\�GLVDSSHDUHG
� ,QWHUUXSW�YHFWRUV�KDYH�EHHQ�UHSODFHG�E\�MXPS
WDEOHV
3&����0�>�,9$���LQWHUUXSW�QXPEHU�@
3&����,9$���LQWHUUXSW�QXPEHU

� ,QWHUUXSWV�
² 6WDFN�UHSODFHG�E\�VKDGRZ�UHJLVWHUV
² +DQGOHU�VDYHV�UHJLVWHUV�DQG�UH�HQDEOHV�KLJKHU�SULRULW\�LQW
V
² ,QWHUUXSW�W\SHV�UHGXFHG�LQ�QXPEHU��KDQGOHU�PXVW�TXHU\
LQWHUUXSW�FRQWUROOHU
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5HODWLRQVKLS�WR�3URFHVVRU�$UFKLWHFWXUH
� &DFKHV�UHTXLUHG�IRU�SURFHVVRU�SHUIRUPDQFH�FDXVH
SUREOHPV�IRU�,�2
² )OXVKLQJ�LV�H[SHQVLYH��,�2�SROXWHV�FDFKH
² 6ROXWLRQ�LV�ERUURZHG�IURP�VKDUHG�PHPRU\�PXOWLSURFHVVRUV
�VQRRSLQJ�

� 9LUWXDO�PHPRU\�IUXVWUDWHV�'0$
� /RDG�VWRUH�DUFKLWHFWXUH�DW�RGGV�ZLWK�DWRPLF
RSHUDWLRQV
² �ORDG�ORFNHG��VWRUH�FRQGLWLRQDO

� 6WDWHIXO�SURFHVVRUV�KDUG�WR�FRQWH[W�VZLWFK
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6XPPDU\
� 'LVN�LQGXVWU\�JURZLQJ�UDSLGO\��LPSURYHV�

² EDQGZLGWK�����\U��
² DUHDO�GHQVLW\�����\HDU����0%�IDVWHU"

� TXHXH���FRQWUROOHU���VHHN���URWDWH���WUDQVIHU
� $GYHUWLVHG�DYHUDJH�VHHN�WLPH�EHQFKPDUN�PXFK
JUHDWHU�WKDQ�DYHUDJH�VHHN�WLPH�LQ�SUDFWLFH

� 5HVSRQVH�WLPH�YV��%DQGZLGWK�WUDGHRIIV
� 4XHXHLQJ�WKHRU\� ����RU

� 9DOXH�RI�IDVWHU�UHVSRQVH�WLPH�
² ���VHF�RII�UHVSRQVH�VDYHV�����VHF�DQG�����VHF�������WRWDO
WLPH�SHU�WUDQVDFWLRQ� !�JUHDWHU�SURGXFWLYLW\

² HYHU\RQH�JHWV�PRUH�GRQH�ZLWK�IDVWHU�UHVSRQVH�
EXW�QRYLFH�ZLWK�IDVW�UHVSRQVH� �H[SHUW�ZLWK�VORZ
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6XPPDU\��5HODWLRQVKLS�WR
3URFHVVRU�$UFKLWHFWXUH

� ,�2�LQVWUXFWLRQV�KDYH�GLVDSSHDUHG
� ,QWHUUXSW�YHFWRUV�KDYH�EHHQ�UHSODFHG�E\�MXPS
WDEOHV

� ,QWHUUXSW�VWDFN�UHSODFHG�E\�VKDGRZ�UHJLVWHUV
� ,QWHUUXSW�W\SHV�UHGXFHG�LQ�QXPEHU
� &DFKHV�UHTXLUHG�IRU�SURFHVVRU�SHUIRUPDQFH�FDXVH
SUREOHPV�IRU�,�2

� 9LUWXDO�PHPRU\�IUXVWUDWHV�'0$
� /RDG�VWRUH�DUFKLWHFWXUH�DW�RGGV�ZLWK�DWRPLF
RSHUDWLRQV

� 6WDWHIXO�SURFHVVRUV�KDUG�WR�FRQWH[W�VZLWFK


