VAR
US005

544346A

United States Patent [ [11] Patent Number: 5,544,346
Amini et al. 1451 Date of Patent: Aug. 6, 1996
[54] SYSTEM HAVING A BUS INTERFACE UNIT 4,788,640 11/1988 HANSEN .oeovverecrrerreerrensesnssennee 395/478
FOR OVERRIDING A NORMAL 4,947,368  8/1990 Donaldson et al. .. .. 3951297
ARBITRATION SCHEME AFTER A SYSTEM 4,967,344 10/1990 Scavezze et al. ......... 395/182.02
4,980,854 12/1990 Donaldson et al. .....ccoeeeerenene 3957297
gﬁ%(\l)}g]l){ %%g’%l:?)%EOI;‘AAS. ggj‘;{E ADY 4,982,321 1/1991 Pantry et al. ......... 3957287
5,003,463 3/1991 Coyle et al. ...... .. 395/877
(75 Tnventors: Nader Amini; Bechara F. Boury: 5239631  8/1993 BOUTY €t Al weoeuermmermeomereennns 395/297
Sherwood Brannon, all of Boca Raton; FOREIGN PATENT DOCUMENTS
Richard L. Horne, Boynton Beach;
0141302 5/1985 European Pat. Off. .
;erence J. Lohman, Boca Raton, all of 0288649 11/1988 European Pat. Of. .
a. 0311704  4/1989 European Pat. Of. .
[73] Assignee: International Business Machines Primary Examiner--Glenn Gossage
Corporation, Armonk, N.Y. Attorney, Agent, or Firm—Daniel E. McConnell
57 ABSTRACT
[21] Appl. No.: 353,165 571
. An information handling systems capable of transferring
(22] Filed: Dec. 9, 1994 data among various system resource devices such as input/
Related U.S. Application Data output (I/O) devices and a system memory includes a first
- APP n bus coupled to the system memory, a second bus coupled to
R the system resource devices, and a bus interface unit (BIU)
[63)  Continuation of Ser. No. 815,992, Jan. 2, 1992, abandoned. coupled between the first bus and the second bus. Each of the
[51] Imt. CLS .o, GO6F 13/00; GO6F 13/36; system resource devices is capable of controlling the second
GOG6F 13/40 bus after arbitrating therefor. The BIU includes a buffer for
[52] US.ClL . 395/481; 395/288; 395/296; temporary storage of data being transferred between the first
395/303; 395/485; 395/728; 395/848; 395/860; bus and the second bus, and control logic for generating a
364/242.8; 364/242.92; 364/935.41; 364/937.01; lock control signal, after one of the system resource devices
364/DIG. 1 has gained control of the second bus by arbitration, to gain
[58] Field of Search 395/425, 325, control of the first bus to prevent other system resource
395/725, 481, 484, 485, 492, 494, 495, devices from accessing the first bus. The control signal is
496, 728, 729, 730, 731, 732, 842, 848, dynamically generated by the BIU based on programmable
856, 860, 287, 288, 296, 303, 726, 297 conditions relating to the data transfer, thus optimizing data
transfers between the first bus and the second bus. The
[56] References Cited control signal may act as an override to the normal memory
coniroller arbitration scheme to prioritize access of the
U.S. PATENT DOCUMENTS system resource devices to the system memory.
4,442 502 4/1984 Friend et al. ... 395/311

4785394 1171988 FASCHET oo 395/204 11 Claims, 7 Drawing Sheets
42 56 10
i [j/ 54 /40 /98
CACHE
CONTROL SRAM I 20' cru l
54
52 s f //50 16
7 v
52
a4 46 48
FRE;LET:\? 1 £DDR 14 DATA
CONTROL ‘_'l BUFFER I'—"l BUF f:EH l
s | /14 18
CONNECTOR -
F
70
20
CONT ADDR DATA —— 72
l | SELF
TEST
3




U.S. Patent Aug. 6, 1996 Sheet 1 of 7 5,544,346
FIG.
1A
] FIG. 1B
42 56 10
40 38
b / / <
CACHE SRAM cPU
CONTROL 7 20
g2 L 80 18
7 S
52 -
a4 46 48
‘ :OE';‘ESL / ADDR , DATA}
FREQU
oNTROL. [—"1_BUFFER | BUFFER
jk K 3 14 18
¥ 4 /
CONNECTOR <
b
1 i 70
/20 72
CONT ADDR DATA
l ROM /
SELF
TEST
F 3




5,544,346

Sheet 2 of 7

Aug. 6, 1996

U.S. Patent

cl

29
dOv0 |
HIATIOHINOD
YING
\ '
0%
40IA3a
SH0INS - - LINOD
Ofi I I
L_ _ {1
— - - 1INO - _
O “INOD N
b N8 || FOVAHIIN T A
a2 B T YiVa Sne R
Nm\ v«.\‘ v.m\\ ..\...
Y al
0 /|
1 8L
BRI viva| 293 |,
WaN /4 3408 [ viva
viva
N /
mm\ N 94 A/
0d | 28
e O m,m
/ L ;
Waw - |- _Lr“ : !
- ; .
|| INOD «—| H3TI0UINOD
| || Haqv | B3AEd AHOW3N
: e~ T TiNoD 7 & T
G910l »
A_‘ u ) 1 S R R




5,544,346

Sheet 3 of 7

Aug. 6, 1996

U.S. Patent

¢ Ol

He ol

Ye "Old

Ve 9id

sNa O/l

Q1B07
- ONIJOONS

=l

IHOVO

/
vil

219071 LHOddNS

T] AHIAQD3H HOHH3

—

o L

JI2CT 34VdNOD

HIAIFOIH
fH3AKA

S534aay AHOWIW

-l

/

oLt ﬂ ﬁl!ll.l.

1iN24dID O/
JIWAVYHOOHd

= e ¢ et o ey 3 ey . T . e T ¥

/
9Ll

JI007
NOILYISNVHL

0l

- sNa o/l oL
SNA W3ILSAS

H3AIZ03Y

fH3aNHa

ot

/

90l
o

o

sSnd
WH1SAS

<ol



5,544,346

Sheet 4 of 7

Aug. 6, 1996

U.S. Patent

dec Old

801

JOVIEALNI
JAVIS
snga o/l

7/ [
9zl

HNOHID
NOILVHINID
‘Haay
Q3Lo34X3
sng Ofl

/
0zl

_
I
I
_
219301 621 [
TOHINOD 215901 I
HNIOVd ™. JAOW _
sng oL sng ONIOVd
1Inv43a _
/ )

gcl "
|
. mo<u4_mmﬁz~ |
434409 _
Ol «| UITIOHLNOD i
- SNg WILSAS u

7
¥21 = “
|
|
LNDHID !
NOLLYHINTD |
ss3”AaY "
SNg W3LSAS _
|
/3 _
ail |
I
l

. e s e A E e e e — A e e — - —

N A




5,544,346

Sheet 5 of 7

Aug. 6, 1996

U.S. Patent

LINOHIO

NOILYHINID SS3"aav
Q3LOAAXI SNE O OL

JOVAHALNI

IAVIS SN O/ OL

e

vel

4

1IN3SHID
NOILVHINGD 583y
SNd WALSAS OL

1907 TOHLNOD

DNIOYd $Nd OL SNG
oL
LNQuID
TOHLINOD
Odid
/
€l
Haay HAQQY
SA1A8 9i SALAL 91
d a
34404 H3440N4

/ /

gset aszi
Haav Haayv
S31AH 91 S31AG 91
v 2
H3d4Ng H3d44ng

/ /

veZl oscl

JOV4HALINI
HITIOHINOD
SNA WILSAS OL

£ Ol



5,544,346

Sheet 6 of 7

Aug. 6, 1996

U.S. Patent

VYNDIS

A201 /
ovt

A0

AD

I1C
o

JA0N DNIWVIHLS NI LON

/

cE!

v 'Ol

gL

2148
—
L

HITIOHLINOD 3DIA3A O/
4!
/300N DNIWVIHLS NI
HITIOHINOD 3DIAZA O/
_TInday3d4ng
NOILVHIdO 1M
7 \2Ind O U344
7 1VH3dO FLHM
8b1 i 1S3ND3Y avad
gel Vivd ONIWVIHLS
L IALLOY | NOILdO
. @ 0 ONIOVd O/l
oot 0  (IWWYHOOHJ

¥EL



5,544,346

Sheet 7 of 7

Aug. 6, 1996

U.S. Patent

o1

TYNOIS -

NHOQT -y

/
ovl

X190
D
n S
H
7
oGl
M0
O
n S
H
7
0§14

991

vil

\J\ TN SHA44NG 1Y
\ TN SH3SING ¥ 0 €
y va TINd sH3JINA ¢ 40 2
8s | 091
7 0 JAILOY 2 NOLLO
0 HNIOYd OA
I IWAYHOOHA
A vs1

ALdW3 d H344Ng
V\HH_%\I ALdWd O H34dNd
9l 951

AHOWZW W3LEAS

0Ll

84t

agt” WOH4 avaH

AldWd g Ha34Nd
AldW3 ¥ ¥3d4nd

ﬁ TNt Q Y344Ngd

TINd 2 Y343ng

941
AHOWIW WIZLGAS

G O

WOH4 dv3d ON



5,544,346

1

SYSTEM HAVING A BUS INTERFACE UNIT
FOR OVERRIDING A NORMAL
ARBITRATION SCHEME AFTER A SYSTEM
RESOURCE DEVICE HAS ALREADY
GAINED CONTROL OF A BUS

This application is a continuation of application Ser. No.
07/815,992, filed Jan. 2, 1992, now abandoned.

RELATED APPLICATIONS

The following United States patent applications are incor-
porated herein by reference as if they had been fully set out:

Application Ser. No. 07/816,116 Filed Jan. 2, 1992
Entitled “ARBITRATION MECHANISM”, now U.S.
Pat. No. 5,265,211.

Application Ser. No. 07/816,184 Filed Jan. 2, 1992
Entitled “PARITY ERROR DETECTION AND
RECOVERY”, now U.S. Pat. No. 5,313,627.

Application Ser. No. 07/816,204 Filed Jan. 2, 1992
Entitled “CACHE SNOOPING AND DATA INVALI-
DATION TECHNIQUE”, now abandoned in favor of
continuation application Ser. No. 08/327,136.

Application Ser. No. 07/816,203 Filed Jan. 2, 1992
Entitled “BUS INTERFACE LOGIC FOR COM-
PUTER SYSTEM HAVING DUAL BUS ARCHITEC-
TURE”, now U.S. Pat. No. 5,255,374,

Application Ser. No. 07,816,691 Filed Jan. 2, 1992
Entitled “BIDIRECTIONAL DATA STORAGE
FACILITY FOR BUS INTERFACE UNIT”, now aban-
doned in favor of continuation application Ser. No.
08/282,159.

Application Ser. No. 07/816,693 Filed Jan. 2, 1992
Entitled “BUS INTERFACE FOR CONTROLLING
SPEED OF BUS OPERATION”, now abandoned in
favor of continuation application Ser. No. 08/293,411.

Application Serial No. 07/816,698 Filed Jan. 2, 1992
Entitled, now abandoned in favor of continuation appli-
cation Ser. No. 08/298,538.

BACKGROUND OF THE INVENTION

The present invention relates to bus to bus interfaces in
dual bus architecture computer systems, and more particu-
larly to a bus to bus interface device and method for
arbitrating between a central processing unit and an input/
output device each of which is vying for access to system
mMemory.

Generally in computer systems and especially in personal
computer systems, data is transferred between various sys-
tem devices such as a central processing unit (CPU),
memory devices, and direct memory access (DMA) control-
lers. In addition, data is transferred between expansion
elements or “system resources devices” such as input/output
(I/O) devices, and between these I/0 devices and the various
system devices. The I/O devices and the system devices
communicate with and amongst each other over computer
buses, which comprise a series of conductors along which
information is transmitted from any of several sources to any
of several destinations. Many of the system devices and the
J/O devices are capable of serving as bus controllers (i.e.,
devices which can control the computer system) and bus
slaves (i.e., elements which are controlled by bus control-
lers).
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Personal computer systems having more than one bus are
known. Typically, a local bus is provided over which the
CPU communicates with cache memory or a memory con-
troller, and a system 1/O bus is provided over which system
bus devices such as the DMA controller, or the /O devices,
communicate with the system memory via the memory
controller. The system I/O bus comprises a system bus and
an I/0 bus connected by a bus interface unit. The I/O devices
communicate with one another over the I/O bus. The I/O
devices are also typically required to communicate with
system bus devices such as system memory. Such commu-
nications must travel over both the /O bus and the system
bus through the bus interface unit.

The local bus devices such as the CPU and the system I/O
bus devices in dual bus architecture computer systems
compete for access to system memory via the memory
controller. The system bus devices and the /O devices
access the memory controller via the system bus. The CPU
accesses the memory controller through the local bus. Prior
to accessing system memory via the memory bus, then, these
competing devices must first gain control of the memory
controller. Often, in high speed data transfers, a system /O
bus device and a local bus device may simultaneously desire
control of the memory bus controller. High speed I/O
devices and microprocessors place high demand on system
memory, creating contention between each other and
thereby reducing system performance. Thus, the computer
system must provide a scheme of arbitration to determine
whether the local bus device or the system I/O bus device
should have access to system memory.

A typical arbitration scheme includes an arbiter which
grants control of the system bus on a first come, first served
basis. Thus, if both a I/O bus device and a local bus device
desire access to system memory, the first device to transmit
the control request is granted control of the memory con-
troller. After the particular device which is acting as memory
bus controller is finished either reading or writing a data
sequence to System memory over the memory bus, the
wailing device is then granted control of the memory
controller. This process continues indefinitely as long as a
local bus devices, such as the CPU, and a system I/O device
have pending requests for control of the memory controller.

Various I/O device bus controllers manage reads and
writes 10 system memory at different speeds. Some high
speed I/O devices are capable of transmitting data over the
I/O bus to the bus interface unit as fast as the bus interface
unit can retransmit that data over the system bus. Often these
high speed devices transmit the data in a series of data
sequences, or packets, which have contiguous addresses in
system memory. Under the typical arbitration scheme
described above, if a local bus device has a pending request
for control of the system bus during one of these multiple
packet transmissions, the arbiter will grant control of the
memory bus to the local device as soon as the first packet has
been transmitted by the I/O device. After the local bus
device has finished its operation, control of the memory bus
is once again granted to the I/O device.

This type of system operation is inefficient because,
typically, a local bus device such as a CPU and an I/O device
work in different areas of system memory. Thus, in granting
control of the memory bus back and forth between the CPU
and the I/O device, typically, with each successive operation,
the memory addresses are to different pages of memory,
requiring a longer memory access time. If, as explained
above, the I/O device is reading or writing to system
memory a large block of data having contiguous addresses
in that memory, it is beneficial to allow the I/O device to
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complete its multiple packet transfer of data before releasing
control of the memory bus to the CPU.

In this manner, the memory controller is able to read or
write multiple packet transfers to system memory at con-
tiguous locations (i.e., on the same “page” of information)
before access to memory is granted to the CPU. The time
required for the second and subsequent data transfers
between system memory and the I/O device is minimized
because memory accesses are optimized when addressed to
the same page of system memory. Upon completion of the
last data transfer between system memory and the I/O
device, the CPU may then be granted control of the memory
bus in order to complete its read or write operation. Overall,
such system operation results in a data transfer time saving.

It is an object of the present invention, then, to provide a
bus interface unit in a dual bus architecture computer system
which provides the arbitration logic required to optimize
control of the memory bus between an I/O device residing
on the I/O bus and a local device residing on the local bus.

SUMMARY OF THE INVENTION

Briefly according to the invention, an information han-
dling system capable of transferring data among various
system resource devices such as /O devices and a memory
is provided which includes a first bus, a second bus and a bus
interface unit coupled between the first bus and the second
bus. The first bus is coupled to the system memory for
transferring data with the system resource devices. At least
one of the system resource devices is coupled to and is
capable of controlling the second bus after arbitrating there-
for. The bus interface unit includes a buffer for temporary
storage of the data being transferred between the first bus
and the second bus and it also includes control logic for
dynamically generating a control signal to gain control of
the first bus to prevent other of the system resource devices
coupled to the first bus from accessing the first bus. The
control logic is dynamically responsive to signals indicative
of data transfer conditions between the first bus and the
second bus to generate the control signal.

The conditions under which /O device is granted priority
access to system memory are as follows: (1) a read request
by an I/O device controlling the I/O bus is not aligned with
a predefined 16-byte address boundary in system memory,
(2) an I/O device controlling the /O bus immediately
follows a write cycle with a read cycle, (3) an I/O device
controlling the I/O bus completes a data transfer cycle, (4)
an I/O device controlling the I/O bus is reading or writing
data in streaming mode, or (5) more than half of the buffer
space in the bus interface unit is already filled with data to
be written to system memory or less than half of the buffer
space is yet to be filled with prefetched data to be read from
system memory. Streaming refers to data transfers of a
stream of data having contiguous addresses wherein only the
first address needs to be decoded and the subsequent
addresses are considered to be contiguous.

In the preferred embodiment of the present invention, the
bus to bus control logic operates under three pacing modes
by which the data transfer speeds of /O devices are opti-
mally matched to the data transfer capability of the system
memory. The first of these pacing modes is the default
pacing mode, which determines the pacing for the first three
conditions listed above. The second of these pacing modes
(option 1) determines the pacing for the fourth listed con-
dition, and the third of these pacing modes (option 2)
determines the pacing for the fifth listed condition. A user of
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4

the system may choose either pacing mode (option 1 or
option 2) in addition to the default pacing mode which the
system automatically provides. The choice is made by
programming the contents of a programmable register in the
bus interface unit.

Under the first of the default conditions, an I/O device
requests a read of system memory which is not aligned with
a particular 16-byte packet boundary. To compensate for this
misalignment, access by the I/O device to system memory is
locked until enough data is automatically prefetched to
arrive at a 16-byte boundary. This read data of less than
16-bytes is then synchronized to the timing of the I/O bus,
and the I/0 device controller begins to read the data. The bus
interface unit then prefetches the next contiguous 16-byte
packet. Because this 16-byte packet begins at a predefined
boundary, a 16-byte burst transfer is possible.

Under the second condition, residual buffered write data
may exist in the bus interface unit buffer space when the /O
device changes from a write transfer to a read request. Once
the I/0 device bus controller changes from a write to a read,
bus control logic determines that an end of cycle has
occurred, that there is no more write data to be stored in the
buffer space, and that read data is now being requested from
system memory. Because it is known that no more contigu-
ous write data is immediately forthcoming, the buffered data
is written to system memory and the read data is prefetched
from system memory in one atomic operation.

Under the third condition, residual buffered data may also
exist in the bus interface unit buffer space when the I/O
controller device relinquishes control of the I/O bus after a
data transfer cycle. In this instance, such residual data is
automatically written to system memory. If more than half
of the buffer space includes such residual data, as soon as the
1/0 device controller relinquishes control of the I/O bus, the
bus control logic will generate a signal to the memory
controller to indicate that data in the buffer exceeding one
transfer in length (i.e., greater than 16 bytes) needs to be
written to system memory. Accordingly, the buffered data
will be provided access to system memory via the system
bus.

The bus control logic for implementing option 1 (relating
to the fourth condition described above) comprises a clocked
set-reset (S-R) latch which provides a control signal Lock to
the memory controller. The LLOCK signal provides an I/O
device in control of the I/O bus continued access to system
memory when the I/O device is reading or writing data to
system memory in streaming mode. Upon detection of a
streaming data write operation, when one of the bus inter-
face unit buffers is full of buffered write data, a locked burst
write sequence is initiated to system memory over the
system bus and will remain active until the /O device
terminates the streaming sequence or until there is no data
remaining in the buffer space. Similarly, upon detection of a
streaming data read operation, a locked burst read sequence
is initiated to system memory and will remain active as long
as there is room in the buffer space or until the I/O device
terminates the streaming sequence.

The bus control logic for implementing option 2 (relating
to the fifth condition described above) comprises separate
logic circuits each associated with a latch for outputting the
LOCK signal to the memory controller. The LOCK signal
provides an I/O device in control of the I/O bus continued
access to system memory when more than half of the bus
interface unit buffer space is already filled with data to be
written to system memory or less than half of the buffer
space is yet to be filled with prefetched data to be read from
system memory.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a schematic block diagram of a computer system
incorporating a bus interface unit constructed according to
the principles of the present invention;

FIG. 2 is a schematic block diagram of the bus interface
unit of the computer system of FIG. 1,

FIG. 3 is a schematic block diagram of the FIFO buffer of
the bus interface unit of FIG. 2;

FIG. 4 is circuit diagram of the control logic used to
implement one of the embodiments of the bus to bus pacing
logic of FIG. 3; and

FIG. § is a circuit diagram of the control logic used to
implement another embodiment of the bus to bus pacing
logic of FIG. 3.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Referring first to FIG. 1, a computer system shown
generally at 10 comprises system board 12 and processor
complex 14. Processor complex includes processor portion
16 and base portion 18 connected via local bus connector 22.
Processor portion 16 operates at 50 MHz and base portion 18
operates at 40 MHz.

System board 12 includes interleaved system memories
24 and 26 and input/output (I/O) devices 28. Communica-
tions between memories 24 and 26 and processor complex
14 are handled by memory bus 30, and communications
between I/O devices 28 and processor complex 14 are
carried by /O bus 32. Communications between /O devices
and memories 24 and 26 are handled by 1/O bus 32, system
bus 76 and memory bus 30. I/O bus 32 may conform to
MICRO CHANNEL® (trademark of International Business
Machines (IBM), Armonk, N.Y.) computer architecture.
Memory bus 30 and I/0 bus 32 are connected to processor
complex base portion 18 via processor complex connector
34. I/O devices such as memory expansion devices may be
connected to the computer system 10 via I/O bus 32. System
board 12 may also include conventional video circuitry,
timing circuitry, keyboard control circuitry and interrupt
circuitry (none of which are shown) which may be used by
computer system 10 during normal operation.

Processor portion 16 of processor complex 14 includes
central processing unit (CPU) 38 which, in the preferred
embodiment, is a 32-bit microprocessor available from Intel
Corp., Santa Clara, Calif., under the trade designation i486.
Processor portion 16 also includes static random access
memory (SRAM) 40, cache control module 42, frequency
control module 44, address buffer 46 and data buffer 48.
Local bus 20 comprises data information path 50, address
information path 52 and control information path 54. Data
information path 50 is provided between CPU 38, SRAM 40
and data buffer 48. Address information path 52 is provided
between CPU 38, cache control module 42 and address
buffer 46. Control information path 54 is provided between
CPU 38, cache control module 42 and frequency control
module 44. Additionally, address and control information
path are provided between cache control module 42 and
SRAM 40.

SRAM 40 provides a cache function by storing in short
term memory information from either system memories 24
or 26 or from expansion memory which is located on an I/O
device 28. Cache control module 42 incorporates random
access memory (RAM) 56 which stores address locations of
memories 24 and 26. CPU 38 may access information
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6

cached in SRAM 40 directly over the local bus 20. Fre-
quency control module 44 synchronizes operation of the 50
Mhz processor portion 16 with the 40 MhZ base portion 18
and also controls the operation of buffers 46 and 48. Accord-
ingly, frequency control module 44 determines the times at
which information is captured by buffers 46 and 48 or the
times at which information that is stored in these buffers is
overwritten. Buffers 46 and 48 are configured to allow two
writes from memories 24 and 26 to be stored simultaneously
therein. Buffers 46 and 48 are bi-directional, i.e., they are
capable of latching information which is provided by the
CPU 38 and information which is provided to the CPU.
Because buffers 46 and 48 are bi-directional, processor
portion 16 of the processor complex 14 may be replaced or
upgraded while maintaining a standard base portion 18.

Base portion 18 includes memory controller 58, direct
memory access (DMA) controller 60, central arbitration
control point (CACP) circuit 62, bus interface unit 64 and
buffer/error correction code (ECC) circuit 66. Base portion
18 also includes driver circuit 68, read only memory (ROM)
70, self test circuit 72 and buffer 74. System bus 76
comprises a data information path 78, an address informa-
tion path 80 and a control information path 82. The data
information path connects buffer 74 with bus interface unit
64; bus interface unit 64 with DMA controller 60 and
buffer/ECC circuit 66; and buffert/ECC circuit 66 with sys-
tem memories 24 and 26. The address information path and
the control information path each connect memory control-
ler 58 with DMA controller 60 and bus interface unit 64; and
bus interface unit 64 with buffer 74.

Memory controller 58 is coupled to both CPU local bus 20
and system bus 76, and provides the CPU 38, the DMA
controller 60 or bus interface unit 64 (on behalf of an I/O
device 28) with access to system memories 24 and 26 via
memory bus 30. The memory controller 58 initiates system
memory cycles to system memories 24 and 26 over the
memory bus 30. During a system memory cycle, either the
CPU 38, the DMA controller 60 or bus interface unit 64 (on
behalf of an I/O device 28) has access to system memories
24 and 26 via memory controller 58. The CPU 38 commu-
nicates to system memory via local bus 20, memory con-
troller 58 and memory bus 30, while the DMA controller 60
or bus interface unit 64 (on behalf of an /O device 28)
access system memory via system bus 76, memory control-
ler 58 and memory bus 30.

For read or write cycles between CPU 38 and I/O bus 32,
address information is checked against system memory
address boundaries. If the address information corresponds
to an I/O expansion memory address or I/O port address,
then memory controller 58 initiates an I/O memory cycle or
1/0 port cycle with an IO device 28 (via bus interface unit
64) over the 1/0 bus 32. During an I/O memory cycle or /O
port cycle between CPU 38 and I/O bus 32 the address
which is provided to memory controller 58 is transmitted
from system bus 76 to I/O bus 32 via bus interface unit 64
which resides intermediate these two buses. The I/O device
28 which includes the expansion memory to which the
address corresponds receives the memory address from /O
bus 32. DMA controller 60 and the bus interface unit 64
control the interchange of information between system
memories 24 and 26 and the expansion memory which is
incorporated into an I/O device 28. DMA controller 60 also
provides three functions on behalf of processor complex 14.
First, the DMA controller 60 utilizes a small computer
subsystem control block (SCB) architecture to configure
DMA channels, thus avoiding the necessity of using pro-
grammed I/O to configure the DMA channels. Second, DMA
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controller provides a buffering function to optimize transfers
between slow memory expansion devices and the typically
faster system memory. Third, DMA controller 60 provides
an eight channel, 32-bit, direct system memory access
function. When providing the direct system memory access
function, DMA controller 60 may function in either of two
modes. In a first mode, DMA controller 60 functions in a
programmed I/O mode in which the DMA controller is
functionally a slave to the CPU 38. In a second mode, DMA
controller 60 itself functions as a system bus master, in
which DMA controller 60 arbitrates for and controls 1/O bus
32. During this second mode, DMA controller 60 uses a first
in, first out (FIFO) register circuit.

CACP circuit 62 functions as the arbiter for the DMA
controller, I/O device bus controllers and the CPU (if
accessing I/O devices). CACP circuit 62 receives arbitration
control signals from DMA controller 60, memory controller
58 as well as from I/O devices, and determines which
devices may control the I/O bus 32 and the length of time
during which the particular device will retain control of the
1/O bus.

Driver circuit 68 provides control information and address
information from memory controller 58 to system memories
24 and 26. Driver circuit 68 drives this information based
upon the number of single in-line memory modules
(SIMMs) which are used to construct system memories 24
and 26. Thus, driver circuit 68 varies the signal intensity of
the control and address information which is provided to
system memories 24 and 26 based upon the size of these
memories.

Buffer circuit 74 provides amplification and isolation
between processor complex base portion 18 and system
board 12. Buffer circuit 74 utilizes buffers which permit the
capture of boundary information between I/O bus 32 and bus
interface unit 64 in real time. Accordingly, if computer
system 10 experiences a failure condition, buffer circuit 74
may be accessed by a computer repair person to determine
the information which was present at connector 34 upon
failure of the system.

ROM 70 configures the system 10 upon power-up by
initially placing in system memory data from expansion
memory. Self test circuit 72, which is connected to a
plurality of locations within base portion 18, provides a
plurality of self test features. Self test circuit 72 tests the
major components of base portion 18 upon power-up of the
system 10 to determine whether the system is ready for
operation.

Referring to FIG. 2, a schematic block diagram of the bus
interface unit 64 of the system of FIG. 1 is shown. Bus
interface unit 64 provides the basis for implementation of
the present invention by providing a bi-directional high
speed interface between system bus 76 and 1/0 bus 32.

Bus interface unit 64 includes system bus driver/receiver
circuit 102, I/O bus driver/receiver circuit 104 and control
logic circuits electrically connected therebetween. Driver/
receiver circuit 102 includes steering logic which directs
signals received from the system bus 76 to the appropriate
bus interface unit control logic circuits and receives signals
from the bus interface unit control logic circuits and directs
the signals to the system bus 76. I/O bus driver/receiver
circuit 104 includes steering logic which directs signals
received from the I/O bus 32 to the appropriate bus interface
unit control logic circuits and receives signals from the bus
interface unit control logic circuits and directs the signals to
the I/O bus 32.

The bus interface unit control logic circuits include sys-
tem bus to I/O bus translation logic 106, /O bus to system
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bus transiation logic 108, memory address compare logic
110, error recovery support logic 112, and cache snooping
logic 114. Programmed I/O circuit 116 is also electrically
coupled to system driver/receiver circuit 102.

The system bus to I/O bus translation logic 106 provides
the means required for the DMA controller 60 or the
memory controller 58 (on behalf of CPU 38) to act as a
system bus controller to access the I/O bus 32 and thereby
communicate with I/O devices 28 acting as slave devices on
the I/O bus. Translation logic 106 translates the control,
address and data lines of the system bus 76 into similar lines
on the /O bus 32. Most control signals and all address
signals flow from the system bus 76 to the I/O bus 32 while
data information flow is bi-directional. The translation logic
106 which acts as system bus slave monitors the system bus
76 and detects cycles which are intended for the I/O bus 32.
Upon detection of such a cycle, the system bus slave
translates the timing of signals on the system bus to I/O bus
timing, initiates the cycle on the /O bus 32, waits for the
cycle to be completed, and terminates the cycle on the
system bus 76.

The I/O bus to system bus translation logic 108 comprises
system bus address generation circuit 118, I/O bus expected
address generation circuit 120, system bus controller inter-
face 122, FIFO buffer 124, I/0 bus slave interface 126 and
bus to bus pacing control logic 128. System bus controller
interface 122 supports a high performance 32 bit (4 byte)
1486 burst protocol operating at 40 MHZ. Data transfers of
four, eight and sixteen bytes in burst mode and one to four
bytes in no-burst mode are provided. I/O bus slave interface
126 monitors the I/0 bus 32 for operations destined for slave
devices on the system bus 76 and ignores those operations
destined for the I/O bus 32. All cycles picked up by the I/O
bus slave interface 126 are passed on to the FIFO buffer 124
and the system bus controller interface 122.

The I/O bus to system bus translation logic 108 provides
the means required for an /O device 28 to act as an I/O bus
controller to access system bus 76 and thereby read or write
to system memories 24 and 26. In either of these operations,
an I/O device controls the I/O bus. The asynchronous I/O
bus interface 126, operating at the speed of the I/O device,
permits the bus interface unit 64 to act as a slave to the I/O
device controller on the I/O bus 32 to decode the memory
address and determine that the read or write cycle is destined
for system memories 24 or 26. Simultaneously, the system
bus controller interface 122 permits the bus interface unit 64
to act as a controller on the system bus 76. The memory
controller 58 (FIG. 1) acts as a slave to the bus interface unit
64, and either provides the bus interface unit 64 with data
read from system memory or writes data to system memory.
The reads and writes to system memory are accomplished
through the FIFO buffer 124, a block diagram of which is
illustrated in FIG. 3.

As shown in FIG. 3, FIFO buffer 124 is a dual ported,
asynchronous, bi-directional storage unit which provides
temporary storage of data information between the system
and I/O buses 76, 32. FIFO buffer 124 comprises four
sixteen-byte buffers 125A-125D and FIFO control circuit
123. The four buffers 125A-125D buffer data to and from
1/0O bus controllers and system bus slaves, thereby allowing
simultaneous operation of the I/O bus 32 and the system bus
76. The FIFO buffer 124 is physically organized as two
thirty-two byte buffers (125A/125B and 125C/125D). The
system bus controller interface 122 and the I/O bus slave
interface 126 each control one thirty-two byte buffer while
the other thirty-two byte buffer operates transparently. Both
of the thirty-two byte buffers are utilized for read and write
operations.
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Each FIFO 124A, 125B, 125C, 125D has an address
register section either physically associated with the respec-
tive FIFO, or logically associated therewith. As data is
transferred from the 170 bus 32 to FIFO 125A, the data will
be accumulated until the 16 byte buffer is filled with 16 bytes
of data, provided that the addresses are contiguous. If a
non-contiguous address is detected, the FIFO 125A will
transfer the stored data to FIFO 125C, and at the same time
FIFO 125B will start to receive data from the new non-
contiguous address. FIFO 125B will continue just as FIFO
125A did until it is filled with 16 bytes of data, or another
non-contiguous address is detected. FIFO 125B will then
transfer the stored data to FIFO 125D, and FIFO 125A again
starts to store data; thus, it is possible to store up to four 16
byte blocks of noncontiguous address data.

Further, by having two 32 byte buffers in parallel the
reading and writing of data can be toggled between them
thus giving an essentially continuous read or write function.

Moreover, by splitting the 32 byte buffers into two 16
bytes buffer sections which are coupled to either I/O bus 32
or system bus 26, the number of storage buffers can be
increased with minimal impact on the performance of the
FIFO as related to the capacitive loading on signals clocking
data in or out of the storage registers. This is accomplished
because for every two buffers added (in parallel) only half
the capacitive loading is added to the loading of clock
signals on each bus.

Additionally, by having two 16 byte buffers in series, once
one of the 16 byte buffers is filled with data, such as in a read
operation, the data can be transferred to the other 16 byte
buffers in series therewith, while the other two parallel
buffers accumulate data. Hence, there is no time lost in either
accumulating data, or transferring the data from one bus to
the other.

The logic for controlling the operation of the FIFO 124 is
supplied by FIFO Control Circuit 123.

A particular I/O device 28 may write to system memories
24 or 26 via I/O bus in bandwidths of either 1, 2 or 4 bytes
(i.e., 8, 16 or 32 bits). During writes to system memory by
an I/O device 28, the first transfer of write data is initially
stored in the FIFO buffer 125A or 125B. The I/O bus
expected address generation circuit 120 calculates the next
expected, or contiguous, address. The next contiguous
address is checked against the subsequent I/O address to
verify if the subsequent transfers are contiguous or not. If
contiguous, the second byte or bytes of write data is sent to
the same FIFO buffer 125A or 125B. The FIFO receives data
at asynchronous speeds of up to 40 megabytes per second
from the I/O bus 32.

This process continues until either buffer 125A or 125B is
full with a 16-byte packet of information or a non-contigu-
ous address is detected. On the next clock cycle, assuming
that buffer 125A is full, the data in buffer 125A is transferred
to buffer 125C. Similarly, when buffer 125B is full, all of its
contents are transferred to buffer 125D in a single clock
cycle. The data stored in the buffers 125C and 125D is then
written to system memory via an i486 burst transfer at the
system bus operational speed. The operation of FIFO buffer
124 during a write to system memory by an I/O device is
thus continuous, alternating between buffers 125A and
125B, with each emptying into adjacent buffer 125C or
125D, respectively, while the other is receiving data to be
written to system memory. The FIFO buffer 124, then,
optimizes the speed of data writes to system memory by (i)
anticipating the address of the next likely byte of data to be
written into memory and (ii) accommodating the maximum
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speed of write data from the FIFO buffer to system memory
via the system bus 76.

During reads of data from system memory to an I/O
device 28, FIFO buffer 124 operates differently. The system
bus address generation circuit 118 uses the initial read
address to generate subsequent read addresses of read data
and accumulate data in buffer 125C or 125D. Because the
system bus supports transfers in bandwidths of 16 bytes
wide, the system bus controller interface 122 may prefetch
16-byte packets of contiguous data and store it in buffers
125C or 125D without the I/O bus 32 actually providing
subsequent addresses, thus reducing latency between trans-
fers. When buffer 125C is full of prefetched data, it transfers
its contents to buffer 125A in one clock cycle. Buffer 125D
similarly empties into buffer 125B when full. The data in
buffers 125A and 125B may then be read by a particular /O
device controller in bandwidths of 1, 2 or 4 bytes. In this
way, system bus address generation circuit 118 functions as
an increment counter until instructed by the /O controller
device to stop prefetching data.

Bus to bus pacing control logic 128 creates a faster access
to system memory for high speed I/O devices. The bus to bus
pacing control logic 128 overrides the normal memory
controller arbitration scheme of system 10 by allowing an
/0 device in control of the I/O bus 32 uninterrupted access
to system memory during transfers of data by faster devices
which require multiple cycles, rather than alternating access
to the memory controller 58 between the I/O device and the
CPU. Thus, even if a local device such as the CPU has a
pending request for control of the memory bus during a
muitiple cycle transmission by an I/O device, the bus to bus
pacing control logic 128 will grant the-I/O device continued
control of the memory bus.

The programmed 1/0O circuit 116 is the portion of the bus
interface unit 64 which contains all of the registers which are
programmable within the bus interface unit 64. The registers
have bits associated therewith to determine whether a par-
ticular register is active or inactive. These registers define,
inter alia, the system memory and expansion memory
address ranges to which the bus interface unit 64 will
respond, the expansion memory addresses which are either
cacheable or noncacheable, the system memory or cache
address ranges, and whether or not parity or error checking
is supported by the bus interface unit. Accordingly, pro-
grammed I/O circuit 116 identifies for the bus interface unit
64 the environment in which it resides, and the options to
which it is configured. The registers in programmed [/O
circuit 116 cannot be programmed directly over the I/O bus
32. Hence, in order to program the system 10, the user must
have access to an I/O device which may communicate over
the system bus to the programmed I/O circuit 116 at the CPU
level.

Memory address compare logic 110 determines if a
memory address corresponds to system memory Or corre-
sponds to expansion memory which is located on I/O device
28 coupled to the I/O bus 32. Because the system memory
as well as the expansion memory may be in non-contignous
blocks of addresses, memory address compare logic 110
includes a plurality of comparators which are loaded with
boundary information from registers in the programmed I/O
circuit 116 to indicate which boundaries correspond to
which memory. After a particular memory address is com-
pared with the boundary information by the memory address
compare logic, the bus interface unit is prepared to react
accordingly. For example, if an I/O device controlling the
1/O bus 32 is reading or writing to expansion memory, the
bus interface circuit need not pass that address to the
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memory controller 58, thereby saving time and memory
bandwidth.

Error recovery support logic 112 permits the system 10 to
continue operations even if a data parity error is detected. On
any read or write access by an /O device 28 to system
memories 24 or 26, parity of the data is checked. Support
logic 112 interacts with a register in the programmed /O
circuit 116 for capturing the address and the time of the
detected parity error. The contents of this register may then
be acted upon by appropriate system software. For example,
the CPU 38 may be programmed for a high level interrupt
to pull the address out of the register at any time a parity
error is detected. The CPU may then decide, based on the
system software instructions, whether to continue system
operations or merely terminate operation of the identified
source of the parity error.

Cache snooping logic 114 permits the bus interface unit
64 to monitor the /O bus 32 for any writes to expansion
memory by an I/O device taking place over the I/O bus 32.
The snooping logic first determines if the write to expansion
memory occurred in expansion memory which is cacheable
in SRAM 40. If it is not cacheable expansion memory, there
is no danger of corrupt data being cached. If, however, a
comparison indicates that the write occurred in cacheable
expansion memory (a “positive comparison”), a cache
invalidation cycle is initiated over the system bus 76. The
CPU is thus instructed to invalidate the corresponding
address in SRAM 40. Cache snooping logic 114 provides
means to store the address of a positive comparison so that
snooping of the I/O bus may continue immediately after
detection of the first positive comparison, thereby permitting
continuous monitoring of the I/O bus 32.

The present invention relates generally to the bus inter-
face unit 64 described above and more particularly to the bus
to bus pacing control logic 128 of the bus interface unit. The
pacing control logic 128 is used to improve the ability of the
1/O bus 32 to move data in and out of system memories 24
and 26 by dynamically controlling access of an /O device
to system memory. System performance is improved by
locking the access of an I/O device 28 in control of the 1/O
bus 32 to system memory under certain predetermined
conditions.

The bus to bus pacing control logic 128, in conjunction
with FIFO buffer 124, is used to optimally maich the data
transfer speed of I/O bus controllers to the data transfer
capability of the system memory. If, for example, a high
speed I/O controller can write to system memory faster than
the system memory can accept the write data, the buffered
write data will fill the FIFO buffers 125A~125B completely
before the data can be written to system memory. If the same
high speed I/O controller can also read data from system
memory faster than system memory can provide the read
data, prefetched data will not be available in the FIFO
buffers 125C and 125D. In either case, the result is increased
latency, and hence decreased performance, in data transfer
as seen by the I/O bus 32.

Typically, an I/O device controller will initiate a read or
write operation and provide a memory address over the I/O
bus 32 to the bus interface unit 64. Circuit 110 of the bus
interface unit compares this address to a range of addresses
programmed in circuit 116 to determine if the operation is
destined for expansion memory or system memory. If it is
determined that the operation is destined for expansion
memory, bus to bus pacing control logic 128 does nothing,
as there is no need to prioritize access to system memory
under this condition. If, however, it is determined that the
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read or write operation is destined for system memories 24
or 26, and the predetermined conditions are met, the pacing
control logic 128 initiates a signal which grants an I/O
device 28 in control of the I/O bus 32 continued priority
access to system memory. This signal acts as an override to
the arbitration grant signal output by the memory controller
58 during normal arbitration procedures.

The predetermined conditions under which an I/O device
is granted priority access to system memory are as follows:
(1) aread request (prefetch) by an I/O device controlling the
I/O bus 32 is not aligned with a predefined 16-byte address
boundary in system memory, (2) an I/O device controlling
the 1/0 bus 32 immediately follows a write cycle with a read
cycle, (3) an I/O device controlling the I/0 bus 32 completes
a dafa transfer cycle, (4) an I/O device controlling the /O
bus 32 is reading or writing data in streaming mode (40
megabytes per second), or (5) more than two of the four
16-byte buffers in FIFO buffer 124 are already filled with
data to be written to system memory or less than two of the
four 16-byte buffers are yet to be filled with prefetched data
to be read from system memory.

In the preferred embodiment of the present invention, the
bus to bus pacing control logic 128 operates under three
pacing modes. The first of these modes is the default mode,
which determines pacing of bus control for the first three
conditions listed above. The second of these modes (option
1) determines pacing for the fourth listed condition, and the
third of these modes (option 2) determines pacing for the
fifth listed condition. A user of the system may choose either
pacing mode (option 1 or option 2) in addition to the default
pacing mode which the system automatically provides. The
choice is made by programming the contents of a 3-bit
register 130 (not shown) in programmed I/O circuit 116. The
default pacing mode is defined by a 0-0-0 register content;
option 1 is defined by a 0-0-1 register content; and option 2
is defined by a 1-0-0 register content.

As explained above, the default pacing mode handles
pacing for the first three pacing conditions. Under the first
condition, an /O device 28 requests a read of system
memories 24 or 26 which is not aligned with a particular
16-byte packet boundary, meaning that the read request is
for data addresses which begin somewhere within the
boundaries of a 16-byte packet. If the read data were aligned
with the boundaries of a particular 16-byte packet, the
system bus address generation circuit 118 would simply do
a standard 16-byte burst transfer of the data into either buffer
125C or 125D. However, if the read data is not packet
aligned, the data must be prefetched using multiple 1, 2, 3
or 4 byte cycles. To insure that this data is prefetched in the
most efficient manner, access by the /O device 28 to system
memory is locked while enough data is automatically
prefetched to arrive at a 16-byte boundary. This read data of
less than 16-bytes is then synchronized to the timing of the
I/O bus 32, and the I/O device controller begins to read the
data. In parallel with the I/O device controller reading data,
the system bus address generation circuit 118 will prefeich
the next contiguous 16-byte packet before releasing the lock
signal to system memory. Because this 16-byte packet
begins at a predefined boundary, a burst transfer is possible.
Thus, two transfers of data are performed without interrup-
tion. Use of the lock signal 140 in this condition insures the
least amount of latency between when a device on I/O bus
32 requests data and when bus interface unit 64 provides
data, and the most efficient use of page mode system
memory.

Under the second condition, residual buffered write data
may exist in FIFO buffers 125A-125D when the I/O device






