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FAST ARBITER WITH DECISION STORAGE

BACKGROUND OF THE INVENTION
The present invention relates to electronic circuits, and in particular
to improved methods and circuitry for implementing various embodiments of high

performance arbiters.

An arbiter is a circuit element that permits only one of two
competing users to have access to a protected process. When only one user
requests access, access is promptly granted. When the user is finishéd with the
service, it declares itself done. A user may make a second request anytime after
receiving a grant signal even before declaring itself done. The second user may
request access at any time, but if the first user has been granted access to the
service, the grant for such a subsequent request will be delayed until the first user
declares itself done. If both users request access at nearly the same time, one and
only one will be granted service and the other delayed. In addition to taking into
account of which request was received first, the decision as to which request is
granted access first in the case of nearly simultaneous requests may depend on
factors such as temperature gradients across the integrated circuit chip, fabrication
conditions and the like. In any event, a decision as to which request is granted

access first will be cleanly made.

A block diagram showing the terminal interface of a five-wire arbiter
100 is illustrated in Figure 1. Two terminals 102 and 104 accept input request
signals R1 and R2, respectively, and two corresponding terminals 106 and 108
generate output grant signals G1 and G2, respectively. " This arbiter uses a

transition signaling convention wherein it is the event of a signal transition that
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whith of the I nputs it has selected. Successive grant outputs in response
-+0 subsequent request inputs nust be separated by transitions on the fifth
i nput termnal 110, |abeled D for done. The behavi or of
the five-wire arbiter and its environnent gan be shown by the state diagram
of Figure 2. The state diagramincludes eight states form ng a cube, with

the initialg E{squf: ihfifthfafio dreQchﬁeé%%‘P{{/ﬁeﬂie'i E&@ mﬁmf Bsfﬂgﬁngcﬁffdlqug abpn

sets forth t oW ng ru request
on each reqlegi¢ cirepitty ubing thiyviyperdfesignaling, sometimes refésredas aseveae e,

requests on RL and R2 only after recerving the corr espond] ng

Gl or @ sipeed only detect @)d respond tarsignaltransitions| ané dogs aet sarglaboutGhe onl y

after recel éﬁrngnon of signal transition. “fi'is %o %%ntgrlxcﬂgstood aﬂg\/wvg{lerthhgtl gther signaling

5 conventions such as pulse signaling are also possible. Arbiter 100 responds to
transitions on one or the other request input terminals 102 or 104, and eventually
delivers an output transition on the corresponding grant output terminal. The
critical job of the arbiter is to deliver only one output grant at a time, indicating
which of the inputs it has selected. Successive grant outputs in response to
10 subsequent request inputs must be separated by transitions on_the fifth input

terminai 110, labeled D for done.

The behavior of the five-wire arbiter and its environment can be
shown by the state diagram of Figure 2. The state diagram includes eight states
15 forming a cube, with the initial state 1 indicated by a double circle. The cube
specification sets forth the following rules: ‘

1) EXcept for an initial request on each request input, the environment
may make subsequent requests on R1 and R2 only after receiving the
corresponding G1 or G2 signal.

20 2) The arbiter may deliver grants G1 or G2 only after receiving the
corresponding R1 and/or R2 signals.

3) Except for one initial grant, the arbiter may deliver one additional
grant on G1 or G2 only after an event on the fifth terminal D.

4) The environment must respond to each grant with a signal on D.

25
Rules 1 and 2 imply that R1 and G1. alternate, starting with R1, and
that R2 and G2 likewise alternate starting with R2. Rules 3 and 4 imply that one
of G1 or G2 alternates with D, starting with one of the G signals. Rule 3 requires
the arbiter to produce only a single grant signal between D events even if there
30 were two requests. This implies arbitration. Nothing in the cube specification,
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.grant on Gl or event on the fifth termnal D. 4)
The envi ronment each grant with a signal on D.
Rules 1 and 2 inmply and Gl alterngte, starting with Rl, and that R2
and & IlkeW| se alternate starting with . Rules 3 and 4 |rrply t hat one of
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I’eCIUI res t ter to produce on S| ng e grant si gna etween events

even if thelicosehetwiesh cbgﬂmﬁ{gsreqﬁbgtg inplies arbitration. Nothing in the
cube specification, _

3)" Except fon‘mosreeuﬂasneeﬂieﬁ the arbiter may deliver one additional

An arbiter that meets the "cube" specification is often called a
5 "sequencer.” This designation focuses on the relationship between the grant
signals G1 or G2, and the done signal D. The grant signals indicate successive
arbitration decisions presented in sequence in response to actions of the done
signal D. When the arbiter is called a sequencer, often the "done" terminal is
labeled "next," conveying the message that the environment is ready to receive the

10 next grant.

The cube specification says nothing about how the sequencer decides
which grant to issue in cases involving conflict. The cube specification has no
way to describe the behavior of the device over time. Thus designs with different

15 delay properties and different decision criteria can all conform to the cube
specification. Séveral such designs have been described in the past. The simplest
arbiters follow a direct and literal interpretation of the cube specification of Figure
2. Only after receiving the done signal D do such devices examine the input
request signals and decide which grant to issue. They make decisions only in

20 states 2, 3 and 4 of Figure 2. The decision in states 2 and 3 is straightforward,
but the decision in state 4 requires arbitration. This type of arbiter is referred to

herein as a "late-decision” arbiter.

_ The principal drawback of the late-decision arbiter is its delay. The
25 delay is particularly long from state 8 when both requests are pending and the
done signal arrives last. The arbiter must choose which request to honor.
| Because the late-decision arbiter examines its inputs only after the done signal
arrives, it has by then lost any information it may have had about which request
arrived first. This forgetﬁ_.llness has two adverse consequences. First, the grarit
30 must await the full decision process. Second, even though the requests may have

arrived at very different times the decision element considers them at the same



3 However, indicates how or when to nake the arbitration decisions nor how
-zt o choose between conflicting requests. " An arbiter that
neets the "cube" Specification is often called a "sequencer." This

desi gnation focuses on the relationship be&tween the grant signals Gl or @,
and the done signal D. The grant signals i'ndicate successive arbitration
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recei ve the next grant.
occur. Thus the decision may be further delayed. Even when only a single

request has arrived, late-decision arbiters are relatively slow because the grant

5  must await the full decision process.

A more complex form of arbiter is called a "late-done" arbiter. To
produce a next grant output, the five-wire arbiter must have received both the
corresponding input request and a done signal D. An exception to this is after

10 . initialization, when the arbiter is left in the state as if D has already occurred, and
a grant output is produced following the receipt of an input request. The done
signal does not play a role in the arbitration task, but sequences the grant signals.
Input requests' and D may occur in any order. However, if the environment in
which the arbiter is to be used generally produces new input i'equests before D

15 occurs, then a circuit implementation can take advantage of this fact to reduce the

delay between the receipt of D and the issue of the grant signal.

Thus, a late-done arbiter decides in advance, if possible, which grant

to issue next. The decision is usually based on which request arrived first, but

20 might be based on other criteria. In a late-done arbiter the decision process is
concurrent with the actions following a previous grant. If the next decision is
cdmplete by the time D arrives, the arbiter can announce its decision very soon
thereafter. Thus the delay from D to the next grant can be greatly reduced. The
name "late-done” refers to the fact that the done signal is involved ouly in the final

25  stage of the arbiter. One implementation of a late-done arbiter is the subject of a
commonly assigned United States Patent Application Number 08/303,247
(Attorney Docket No. P633X), filed September 8, 1994, which is hereby

incorporated by reference in its entirety for all purposes.
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The cube speC|f|cat|on says nothlng about how the sequencer decides which
:grant to issue i# conflict. The cube specification has no
way to descrihbe t the device over time. Thus designs with

di fferent del ay p dlfferent ecision criteria can all conform
to the cube speC|f|cat|on Several such designs have been described in the

past. The sinpl est arbi terw eﬁﬂz I nterpretation of

t he cube specification of MF er recel Vi ng t he done signal D
do such devices exan’rﬂ@gﬂs@m “Méntioﬂ%i@ﬂdeﬁllﬁgﬁbﬁe(ﬁmétmsaiﬁw&mniurygfmnt to
| ssue.. They make decisions only in states 2 nd 4 of Figure 2. The

deci si on iimplementing varidus embcthngmif brgslwperfommnccmbuw slmenen state 4

requires arbitration. This type_ of arbiter eferred to herejn.as a
"I at e- deciembediment; adate-done arbiter is 1mplemented {>y combining a late- ecxs?on

5 arbiter with a decision storage (or queue) device. In another embodiment, an

arbiter implementation that extends the amount of storage available for decisions is
disclosed. Broadly, this embodiment includes a decision making device followed
by a decision storage device such as a queue or a first in first out (FIFO) register
of any number of stages. The decision making device can be any type of arbiter.
10 The decision storage device following the arbiter allows the arbiter to report each
decision as quickly as it can and to start the next decision making cycle. This

embodiment of an arbiter conforms to the cube specification.

Accordingly, the present invention provides in 2 first embodiment a

15 late-done arbiter that includes a decision making device having a first and second
request input terminals respectively coupled to a first and second request input
terminals of the late-done arbiter, a first and second grant output terminals and a
first and second done input terminals; and a decision storage device having a first
and second input terminals respectively coupled to the first and second grant

20 output terminals of the decision making device, a first and second acknowledge
output terminals coupled to the first and second done input terminals of the
decision making device, a first and second output terminals respectively coupled to
a first and second grant terminals of the late-done arbiter, and a done input
terminal coupled to a done input terminal of the late-done arbiter.

25
~ In a second embodiment, the present invention provides an arbiter

including: a decision making device having a first and second request input

terminals respectively coupled to arbiter first and second request input terminals, a

first and second grant output terminals and a done input terminal; and a decision
30 storage device having a first and second input terminals respectively coupled to the

first and second grant output terminals of the decision making device, an



The principal drawback of the |ate-decision-arbiter is its delay. The del ay
is particularly long fromstate 8 when both requests are pending and the
“done signal arrives last. The arbiter nust choose which request to honor.
Because the | ate-decision arbiter examneg its inputs only after the done
signal arrives, it has by then | ost any inmformation it may have had about
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the deci 5| consi em a
grant terminals of the arbiter, and a done terminal coupled to a done terminal of

the arbiter. The decision storage device is capable of storing one, two or more

5 decisions.

In an alternate embodiment, the decision making device is coupled to
two or more separate decision storage devices. Each decision made by the
decision making device is applied to and stored in the separate decision storage

10 devices to allow separate users to examine the decisions independently.

A better understanding of the nature and advantages of the improved
arbiter implementation of the present invention may be had with reference to the
detailed description and the drawings below.

15

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a block diagram shiowing the terminal interface of a five-

wire arbhiter;

20
Figure 2 is a state diagram showing the operation of a five-wire

arbiter and its environment;

Figure 3 is a block diagram for a five-wire late-done arbiter
25 implemented by the combination of a simple arbiter and a decision storage device

according to one embodiment of the present invention;

Figure 4 is a state diagram showing the operation of the decision

storage device of the late-done arbiter of Figure 3;

30
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4 tiime. ‘Wen such deci sion el enents consider conflicti.ng signals at the
same tinme or at nearly the sane tine there is a higher probability that,
‘meta-stability will occur. Thus the decision may be further del ayed. Even
when only a single request has arrived, |late-decision arbiters are

rel atively slow because the grant nmust awdit the full decision process.

A | f . bict’
2 hext grant out put . FIRE 5.8 an Sxeoiaf Idbica PR A e it wBe A
cor r espondigificidiBiter b Figitte $3oRidlPNe aFbSporblon'h @eaeedottilito this i

after initializat e ar in the state as if D has
al ready occurred, and a grant out put S produced follow ng the receipt of

an input request. The done
Figure 6 is a block diagram of an arbiter with decision storage device

5 according to the present invention; and

Figure 7 is a block diagram of an arbiter with two decision storage

devices.

10 DESCRIPTION OF SPECIFIC EMBODIMENTS
Referring to Figure 3, there is shown a block diagram for a five-wire

late-done arbiter 300 according to one embodiment of the present invention.
Arbiter 300 is made up of a six-wire simple arbiter 302 connected to a two-
channel decision storage device 304. Six-wire arbiter 302 has two input request

15 terminals R31 and R32 that receive the arbiter request signals R1 and R2, two
output grant terminals G31 and G32, and two input done terminals D31 and D32.
Two input terminals IN1 and IN2 of decision storage device 304 connect to the
two output grant terminals G31 and G32, respectively, and two output terminals
OUTI1 and OUT?2 of decision storage device 304 connect to arbiter grant terminals

20 G1 and G2, respectively. Decision storage device 304 also generates two
acknowledge signals ACK1 and ACK2 that respectively connect to the two done
terminals D1 and D2 of six-wire arbiter 302. Decision storage device 304

receives the arbiter done signal D at an input DD.

25 Similar to the five-wire arbiter, the function of six-wire arbiter 302 is
to select between two possibly concurrent input requests, each of which may
request again only after the arbiter gives the corresponding grant. Six-wire arbiter
304, however, has two separate done signals D31 and D32 corresponding to the
two request inputs, separately indicating that a next grant may be given. Six-wire

30 arbiter 302 may be a simple late-decision arbiter, a more detailed_embodiment of

which is described in connection with Figure 5. This Sheet Has Been Rri
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In a | ate-done ar ecl st on process IS curfent with the actions

fol l owi ng devicethatusccep@nd set of ddra edemeniddniseqoencesambdelivere thomtinghei me D
arrives, the arbiter can announce its decision very soon thereafter. Thus

the del ay $amensequenceran demand; whilecianthedransisian queuey tbe datarplemeatseprovide -

(1 2t P50 el b timing. " Various implementations of Sulfl Hrarsftiod dleues b8y " 1"
subject of United States Patent Number 4,679,213, to Ivan E. Sutherland, which is
hereby incorporated by reference in its entirety for all purposes. Decision storage
device 304 uses a four-wire interface protocol wherein two terminals (IN1 and
IN2) carry transition signals in the forward direction from wires G31 and G32,

10 respectivély, and two wires (D31 and D32) carry transition signals (ACK1 and
ACK?2) in the reverse direction. Decision storage device 304 produces a transition
on OUT1 in response to a transition on IN1 and a transition on DD. Similarly,

" decision storage element 304 produces a transition on OUT2 in response to a
transition on input IN2 and a transition on input DD. Six-wire arbiter 302 avoids

15 concurrent transitions on both input IN1 and input IN2. The dot @ by the DD
terminal indicates that after initialization, decision storage device 304 is left in the
state as if a transition on DD has already occurred. The operation of decision
storage device 304 is shown by the six-state state diagram of Figure 4. As shown
in the state diagram of Figure 4, the initial state is state 0 at the top of the diagram

20  rather than state 2 which is the conventional initial state for such a two-channel

decision storage device.

Figure 5 shows an exemplary embodiment of the five-wire late-

done arbiter of the present invention in greﬁter detail. The same reference

25 numerals are used in Figures 3 and 5 to refer to the same elements. Six-wire
arbiter 302 includes a first pair of latches 502 and 504 that receive the input
request signals R1 and R2. The outputs of latches 502 and 504 respectively feed
the inputs of a second pair of latches 506 and 508, as well as an input of a pair of
exclusive OR (XOR) gates 510 and 512. The other inputs of XOR gates 510 and

30 512 receive the acknowledge signals ACK1 and ACK2 from decision storage
device 304. The outputs of XOR gates 510 and 512 drive the inputs of a mutual



stage .of the ar t I:ﬁl errentatlon of a late-done arbiter is the

subject of a co atgdi t ed St ates Patent Appllcatlon Nunber

'08/ 303, 247 (ﬁmtor P633X), filed Septenmber 8, 1994, which'is
her eby i ncor por at e inits egtirety for all purposes.
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cross-coupled NAND gates 514 and 516 each driving an inverter 518 and 520,
respectively. The outputs of mutual exclusion element 500 control the enable
inputs of first and second pairs of latches 502, 504, and 506, 508, respectively, in

-5 a complementary fashion. Mutual exclusion element 500 locks out the last signal
to arrive at its two inputs EX and EY. Inverters 518 and 520 supply the outputs
WX and WY, only one of which can ever be at a high logic state at a time. If the
input signals EX and EY enter at exactly the same time, mutual exclusion element
500 will enter a meta-stable state. Under this condition, neither output is high.

10 This is ensured by skewing the size ratios of transistors used in the NAND gates

S
-

and inverters, which adjusts the switching threshold for these gates to generate a

logic low output when in meta-stable state.

The combination of the simple six-wire arbiter and a single stage

15 transition queue as shown in Figure 3 conforms to the cube specification of Figure
2 and provides a novel implementation for a five-wire late-done arbiter that has the
capability to store one decision. The amount of storage available for decisions can
be extended by increasing the number of stages of the decision storage device. In
the embodiment shown in Figure 6, the present invention offers an arbiter system

20 that is capable of storing two or more decisions. The arbiter system according to
this embodiment includes a decision making device 600 followed by a decision
storage device 602 of two or more stages. Decision making device 600 can be
any type arbiter, including the simplest form of arbiter such as a late-decision
arbiter, and decision storage device 602 may be a FIFO or a transition queue of

25 any desired length. Building FIFOs or transition queues of various lengths is the
subject of United States Patent Number 4,679,213, dated July 7, 1987, which is

hereby incorporated by reference in its entirety for all purposes.

Decision storage device 602 allows decision making device 600 to
30 report each decision as quickly as it can and to start the next decision making

cycle. As soon as decision making device 600 reports its first decision, decision



enbodi ment, a | ate-done arbiter (i i npl ement ed by conbining a | ate-decision
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“invention provides in a first  enbodi nent a | ate-done arbiter that includes
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cube specification. The cube specification demands only that grants be made in
response to requests. It is silent about when the required decisions should be
made, and also silent about how to make them. The cube specification demands
only that the grants be reported in response to signals on the done terminal D.
10 '

An examination of the operation of the system of Figure 6 reveals
that conformance to the cube specification requires sto.ring no more than two
advance decisions. Suppose the system has issued a grant and awaits a done
signal, a state corresponding to states 5, 6, 7 or 8 of Figure 2. At most two

15 .additional requests may be pending, the case corresponding to state 8 in Figure 2.
Decision making device 600 may therefore have made at most two further
decisions in response to the first and the second request. The order in which those
decisions appear in the queue records which of the two requests will be granted
first, and which second. The arbiter awaits only the D signal before reporting the

20 first of these decisions and stands ready to report the second decision promptly

upon receipt of a second D signal.

As mentioned above, the cube specification restricts the environment
- as well as the decision making device. The cube speciﬁcatiop requires that |
25 requests and grants alternate. Thus, while awaiting the D signal, the system will
have issued at most one grant and the environment may have made at most one
further request on each of the request terminals for a total of two. It follows that
for devices and environments that follow the cube spe;:iﬁca;ion, at most two stages
of FIFO or queue can ever be occupied. Providing additional stages, while not
30 useful when implementing the cube specification, does not hamper the operation of

the system. The advance decision making capability of the system of Figure 6
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The system of Figure 6 may use a simple late-decision arbiter as
decision making device 600 and a transition queue for decision storage device 602.
These provide the simplest explanation at the block diagram level of how the
10 devic;e works. Alternatively one could implement the system of Figure 6 using a
mutual exclusion element as decision making device 600 and a FIFO to provide

the storage.

In some applications several separate output queues prove useful.

15 Figure 7 illustrates a design with two such output queues. It is to be understood,
however, that a greater number of separate queues could be included. The system
of Figure 7 is referred to herein as a dual-queue arbiter. Two independent
channels supply each decision made by a decision making device 700 to two
separate decision storage devices or queues 702-1 and 702-2 that provide two

20 separate output interfaces. Acknowledge signals from each queue are combined
by a combining gate 704 and applied to the done input D of decision making
device 700. The dual-queue system of Figure 7 allows two separate users to
examine these decisions at their separate leisure. The sequence in which the
decisions were made will be evident to each user, but either of the two separate

25 users may examine the decisions before or after the corresponding action of the
other user. Restrictions on the behavior of the environment remain. Just as for
the cube specification, the envifonment must observe a grant for each request
before issuing another request. In this embodiment, however, the observed grant
may be seen on either output channel.

30



st'orage device having a first and second input termnals respectively
coupled to the first and second grant output termnals of the decision
‘maki ng devi ce an 6 '
acknow edge term nal coupled to the done input term nal of the decision
maki ng device, a first and second grant tlér mi nal s respectively coupled to

first and second gra termnals qf the arhiter, dad t erm nal
coupl ed to a done teﬁ??rﬁﬁlamﬁfle‘t’%ér e 18 Spect %"&E@ﬁépdﬁ“ PIGECHME ce i s

capabl e of , Sk tiBHs Wifere W pafRE Gsers rely on the decisions made by the arbiter but
may use the decisions at different times. In particular, one of the two users may
process a particular decision sooner than the other, and therefore be able to use the
5 next decision sooner. By offering a separate output interface to each of the two
users, the dual-queue system of Figure 7 permits each user to proceed at its own
pace without waiting for the other user. The queues serve to decouple the decision

making from the processes' that use the decisions.

10 " In conclusion, the present invention provides various embodiments
for an improved arbiter design that is capable of making decisions in advance and
storing the advance decisions to speed up the throughput of the arbiter. According
to an embodiment of the invention, a decision making device such as a late-
decision arbiter is combined with a decision storage device such as a FIFO or

15 transition queue of any number of stages. While the above is a complete
description of several embodiments of the present invention, it is possible to use
various alternatives, modifications and equivalents. The scope of the present
invention should therefore be determined not with reference to the above
description but should, instead, be determined with reference to the appended

20  claims, along with their full scope of equivalents.
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deci si‘ons. In an alternate enbodi nment Hﬂumﬁm
device is coupled to two or nore separate decision stonm“fmﬂm

deci sion made by the decision making device is applied to and storéd n the
separate deci sion storage devices to all Xl\o_{osepar ate users'to exam ne _the_
deci si ons i ndependently. etter understandi ng of the

nat ur e andmmmroved arbiter inpl errent’ﬂnimsbcetﬁisliehdl
I nvention rence to the detail ed desc IHH

drawi ngs bel ow.

1. A late-done arbiter comprising:

a decision making device having a first and second request input
terminals respectively coupled to a first and second request input terminals of the
late-done arbiter, a first and second grant output terminals and a first and second
done input terminals; and

“a decision storage device having a first and second input terminals
respectively coupled to the first and second grant output terminals of the decision

making device, a first and second acknowledge output terminals coupled to the

O 0 3 O v AW N -

first and second done input terminals of the decision making device, a first and

Pk
o

second output terminals respectively coupled to a first and second grant terminals

fe—y
p—

of the late-done arbiter, and a done input terminal coupled to a done input terminal

[T
(8]

_of the late-done arbiter.

2. The late-done arbiter of claim 1 wherein the decision making

2 device is a six-wire arbiter of the late-decision type.

1 3. The late-done arbiter of claim 2 wherein the decision storage

2 device is a single stage first in first out register for storing one decision.

4, The late-done arbiter of claim 2 wherein the decision storage

2 device is a single stage transition queue for storing one decision.

S. An arbiter circuit comprising:

a decision making device having a first request input terminal for
receipt of a first system request signal, and a second request input terminal for
receipt of a second system request signal, a first grant terminal and a second grant

terminal, and a done terminal; and
a decision storage device having a first input terminal coupled to the

N O AW e

first grant terminal, a second input terminal coupled to the second grant terminal,



CEEN _ . .
BRI EF ‘DESCRI PTI'ON"CF THE DRAW NGS Fi Gil{s Shebt Ha8 BaenlRepladed di agr am

showi ng the term i Lafive- W re arbi

Figure 2 is a stalm\““mummnm g the operation ot MHL“& wlm arbiter
and its environnment, ¢ t * ° Figurg 3is ab or a
five-wire | ate-done arbiter .inplenented 63 t he conbi nation of a sinple

o Dol Crith AckiiRvizaRe SHRIAPEolFiA 6 RS §8hE B, of ir BiRh! Bbniths e

9 supplying a first system grant signal, a second output terminal supplying a second

10 system grant signal, and a system done input terminal.

6. The arbiter circuit of claim 5 wherein the decision storage

2 device is a first in first out register having at least two stages.

7. The arbiter circuit of claim 5 wherein the decision storage

2 device is.a transition queue having at least two stages.

1 8. An arbiter circuit comprising: -
2 a decision making device having a first request input terminal for
3 receipt of a first systerh request signal, and a second request input terminal for
4 receipt of a second system request signal, a first grant terminal and a second grant
5 terminal, and a done terminal;
6 a first decision storage device having a first ihput terminal coupled to
7 the first grant terminal, a second input terminal coupled to the second grant
8 terminal, a first acknowledge terminal, a first output terminal supplying a first
9 system grant signal, a sécond output terminal supplying a second system grant
10 signal, and a first system done input terminal;
11 a second decision storage device having a first input terminal coupled
12 to the first grant terminal, a second input terminal coupled to the second grant
13 terminal, a second acknowledge terminal, a first output terminal supplying a third
14 system grant signal, a second output terminal supplying a fourth system grant
15 signal, and second system done input terminal; and
16 a combining circuit having a first and a second input terminals
17 coupled to the first and second acknowledge terminals, respectively, and an output
18 terminal coupled to the done terminal of the decision making device.



Figure 4 is a state diagramshow ng the operation of the decision storage
device of the | ate-done arbiter of Figure 3;

7 _ Figure 5 is an exenplary |ogical inplementation of the
five-wire |ate- done arbiter of Figure 3 showing its arbiter portion in
greater detail; 15

FAST ARBITER WITH DECISION STORAGE

ABSTRACT OF THE DISCLOSURE
Improved circuits for implementing various embodiments of high
5 performance arbiters are disclosed. In one embodiment, a late-done arbiter is
implemented by combining a lafe-dedision arbiter with a decision storage (or
queue) device. In another embodiment, an arbiter implementation that extends the
amount of storage available for decisions is disclosed. A decision making device
such as a simple arbiter is followed by a decision storage device such as a queue
10  or a first in first out (FIFO) registef of any number of stages. The decision
storage device following the arbiter allows the arbiter to report each decision as

quickly as it can and to start the next decision making cycle.
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Figure 6 is a bl ock di agram of an arbiter with deci si,on storéééwdévrg4

according to the present invention; and . Figure 7 is a bi-ock.
di agram of an arbiter with t eci sion storage devices. )
DESCRI PTI ON OF SPECI FI C EMBA NTS Referring to Figure 3,
there is shown a bl ock diagrah%iQr'a five-wire | ate-done arbiter 300
accordi ng to one enbodi nent ' ' Arbiter 300 is made

up of a six-wire sinple arbifer 302 cgggﬁﬁggd to a tWwo- channel decision
storage device 304. Six-wrejaqpitgr o as t@ i%p t request

/2 /T l‘,@o ft wi l T\ o4

H"

Figure 1

Figure 2: i

This Sheet Has B
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termnals R31 and. R32 that.rlacei ve the arhiter rchLuLs,1~
two oytput grant termnals G31 and G32, and two input done termnals D31.
‘and D32. Two input terminals INL and | N2_of deci sion storage device 304°
connedt fo the two output granéderm nal P G31 and @2 respectively, and
two oyt put termnals OUT1 and 2 of dec]sion stofage device 304 connect
to arfgiter grant termnals Gl arld &, respectively] Decision storage deyice
304 ali|so generat es twe--ackrew-egge- si-gn AEKEamg- ASK2—t-trat—~ es B y
connect to the two done term nal{s D1 and of sirxi{wire arbitey %2.
Deci sijon storage device 304 recqgives the prbiter d¢ne si g;@% D, at an i nput
DD. imlar to t five-wiWe arbit t uhction of
siXx-wi|re arbiter 302[ iDBU 0 selleetThet weer®t wo possTd J{éoncggﬁ nt i nput
Itér gives the

requests, each of i chNray 1 qquest i ®Pqnl.y af t t he af

SoLrespondi ng gran\t,\n TX-WTE %‘gituﬁqﬁoaﬁ"d; hly

ggg l | Tni ™2 l

1 3 T e

:;; { Vs G31 \ /3¢Z. '

338 l G | e ‘

e | Lo Six -WIRE Dzle— |

é?/" | ' ARBI\TER i |

O 2 ) '
l __R3}\ R3z_ |
e ave e e | cm— —— s e ot ko s — e
Ri . r2

— FlIGURE 3—

— FlayrRE £—
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304, However, has two separ a‘e done signals D31 'andl D32 correspondi ng to
The TVo request 1Tnpuls, separatelry irndicatrng that a next grant may Dbe
given.| Six-wire arbiter 2 may be a sinfiDe | ate-decisio ?rbiter, a nore -
det ai ljed enbodi nent of ich is describeg in connection h Figure 5.
8 Deci si on|storage device 3P4 is preferably a special Xj of
FIFO rleferred to hereinjas a transition §ueue. A FIFO typically refers to a
St or age devi ce_thhat _accdpnts .a set_of d ence | de||vers
themiln the Quti Outz

Akt - Deasion SRAGE DevicE Ackz
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53
3%

576

A

. S AR, St g TS Sl Wt Se— S— — — A" —— M C—— o— SO  ——"  opp—

TR

Il llll

| L5 \l -
l "SPZ S92
o | ——— e e e e e — o— —— o ——— — f— —
A A
kL — FlGUeE $— RZ
:..This Sheet Has Been Rep




o aery "rle ¥H the- tran3|t|on queue, the data 6l en‘ems
provr de ¥ g “NariBus 1 rpl ement ati ons of such” transi tion gt queLle
are the .siibj’e Ct-of=United States Patent Nunber’ 4,679,213, to Tvan E. A
Sut herl and, which is hereby incorporated by reference inits entirety for- '
al |l purposes. Decision storage device 304 uses a four-wire interface
protocol wherein two termnals (INL and | ) carry _transition signals in
the forward direction fromwre 1and 2, resrﬁ(ﬁlvely, and two wires
(D3 1 and D32) carry transition |gnals Eg\CKI and ACK2) in the reverse

di rection. Decision storage devj nsition on QUT1 in
response to a transition on INL Staba &'ﬁ?@ﬁ &ED Simlarly, decision
storage el enent 304 Qroduces a~trjansitTon jon OOT2 | esppnse to a

% Tnput gp. |Si xiwire arbiter 302

transition on input 2 and a
avoi ds concurrent transitions jon both input 'INl and irfjput,IN2. The dot by
the DD term nal indi aat es that @&@rSu@Mtl aIS—zéiRRﬁ-:Ececi %i on storage

device 304 is left i the statfe as if tran ion on |DD has al ready
occurred. The operatijon @ﬂ' ded} si on ‘ﬁ ‘ﬂéé

| ~ (FIFO
or
QUEUE)
' int Ack in2
Lomm 7 Y ' »

G1 D G2 :
\ N DECISION maxig |

\ Ri DEVICE R2 |

—_— I |

Request Input Interlace
R Rz
~ FlaUre @ -

e "
"
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top ‘of . t hé~ dfagran1rather than state 2 mhlch is the" convent|0ﬂal |n|t|ar -
state for such a two-channel “deci sion storage device. et
Figure 5 shows an exenplary enbodiment of the five-wire late- done arblter
of the present invention in greater detail. The sane reference nunerals are
used in Figures 3 and 5 to refer to the sane elenments. Six-wire arbiter 302
includes a first pair of latches 502 and 504 that receive the input request
signals Rl and R2. The outputs of |atches 502 and 504 respectively feed the
I nputs of a second pair of |atches 506 and 508, as well as an input of a

550 and 512 1 ecel 4EBY @@uﬁ3@*@5@@?3ﬁafiz__z\gﬁ@%m@‘fﬁ%ﬂfﬁ% S

st or age
G1 D éﬁf—' G1 o G2
DecisioN STORAGE Decision STarAGE 5
“DEVILE ' Deviee - /esz-z
72! -
A (FiFo | (FIFO
or . or
QUEUE) - - QUEUE)
in1 Ack in2 it Ack in2
']\ o~ 4 ﬂ
AN
74
G1- D G2 /( a4
DECISION makinNg _
o DEVICE pp
7 ;

Request Input Interface

FlIGURE 7

This Sheet Has Been Rerlaced




devi ce 304.
mut ual -

500. Mut ual
NAND gat es

The outputs of XOR gates 510 and 512 drive the inputs of a
: 9 exclusion el enent

excl usi
514 and

IREA)I‘AIGEMEI%B(SH&T de up ¢f aREﬂ gcmff%ﬁﬂgpgjm qui

14 each driving]an invert érpbg

The out puts of nutugl ex?1§lr,gq9§} efent 580 con rg}"ﬁg 04?. yjfﬂes%%%%\éa *
| a ;

first and second paijr
a conpl enentary fasii om ugion ele ﬁrJ
signal to arrive atfits two inputs EXjand EY. {l Ve
t he out puts

hés’ 5¢2f 504, a d éqtlvET
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FAST ARBITER WITH DECISION STORAGE

BACKGROUND OF THE INVENTION
The present invention relates to electronic circuits, and in particular
to improved methods and circuitry for implementing various embodiments of high

performance arbiters.

An arbiter is a circuit elemeht that permits only one of two
competing users to have access to a protected process. When only one user
requests access, access is promptly granted. When the user is finished with the
service, it declares itself done. A user may make a second request anytime after
receiving a grant signai even before declaring itself done. The second user may
request access at any time, but if the first user has been granted access to the
service, the grant for such a subsequent request will be delayed until the first user

declares itself done. If both users request access at nearly the same time, one and

_ only one will be granted service and the other delayed. In addition to taking into

account of which request was received first, the decision as to which request is
granted access first in the case of nearly simultaneous requests may depend on
factors such as temperature gradients across the integrated circuit chip, fabrication
conditions and the like. In ahy event, a decision as to which request is granted
access first will be cleanly made.

A block diagram showing the terminal interface of a five-wire arbiter

100 is illustrated in Figure 1. Two terminals 102 and 104 accept input request

signals R1 and R2, respectively, and two corresponding terminals 106 and 108

generate output grant signals G1 and G2, respectively. This arbiter uses a

transition signaling convention wherein it is the event of a signal transition that



WK and W, only one of \HIFCACEMENT SHBET|at a high logic state at a tine.
If the input signals gnd EY enteraf gxactly the sane tine, nutual

excl usion el ement 500 Wi Il ¢nt @n a4kt - $table state. Under this conditi.on,
nei t her output is high. 'r|his i's ensured by skewing the size ratios of
transistors used in th Hipva@rters, which adjusts the
switching threshold folf _these gates to ggnerate a |ogic |ow output when in
net a- st abl e carrigsethe information reg hiethextthe sigral tih eisirighpt éalking.- Vihee
“arbiter and,a .single stage transiti@fpn, gueue as shown in Figure 3 conforns

to the cube IQFESICULY Ui thistype of sigaaling samefimes, refstzed toras eveaniegicon
- f five-w - ' hat tk bt t

deci i on. - ThEEE o0, Befspr End renoRl b el dFarisiorl RER etk 268 EburliEd by
I ncreasing Hﬂ%cﬁﬁmrs_i%lgfﬁﬁﬁtﬁﬁﬂf It ﬂecogf?hﬁdé}gﬁoﬁﬁgﬁgggvgﬁvﬁﬁ?o%? tsgﬁeéling

- enbodi ment shown I n Fi e present Inventio ers an a
~system . conventions such as pulse signaling are also possible. Arbiter 100 responds to

transitions on one or the other request input terminals 102 or 104, and eventually
delivers an output transition on the corresponding grant output terminal. The
critical job of the arbiter is to deliver only one output grant at a time, indicating
which of the inputs it has selected. Successive grant outputs in responsé to
subsequent request inputs must be separated by transitions on the fifth input

terminal 110, labeled -D for done.

The behavior of the five-wire arbiter and its environment can be
shown by the state diagram of Figure 2. The staie diagram includes eight states
forming a cube, with the initial state 1 indicated by a double circle. The cube
specification sets forth the following rules:

1) Except for an initial request on each request input, the environment
may make subsequent requests on R1 and R2 only after receiving the
corresponding G! or G2 signal.

2) The arbiter may deliver grants G1 or G2 only after receiving the
corresponding R1 and/or R2 signals. |

3)  Except for one initial grant, the arbiter may deliver one additional
grant on Gl or G2 only after an event on the fifth terminal D.

4) The environment must respond to each grant with a signal on D.

Rules 1 and 2 imply that R1 and G1 alternate, starting with R1, and
that R2 and G2 likewise alternate starting with R2. Rules 3 and 4 imply that one
of G1 or G2 alternates with D, starting with one of the G signals. Rule 3 requires
the arbiter to produce only a single grant signal between D events even if there

were two requests. This implies arbitration. Nothing in the cube specification,



that is capable of storing two or nore decisions. The arbiter system
according to this enbodi nent includes a decision nmaking device 600 foll owed
By a decision storage device 602 of two 05 nore stages. Decision making
devi ce 600 can be any type arbiter, incluling the sinplest formof arbiter

such as a 3 ISt |t .S} 906 A may. be a
FITo or o POREYEC nIaRChol S whllte ks e heplFA AP adiyiE raPRolf o
transiti oncgmﬁeeﬁqfdnm@ﬁﬁ_/gsfg%@%j s the subject of United States Patent
Nunber 4,679, 213, dated July 7, 1987, which is hereby incorporated by
-reference in its entirety for all purposes. Deci si on storage
device 602 all ows decision making device 600 to report each decision as
quickly as it can andn arbjterrthat meetscke "¢ube’s specifiaktion) icofter called soon as

deci si on ngki nq devjce, 600 reports_ its first decisiqn, . decision
m':‘se_qu néer. " “This gesxg ation focuses on the relationship between the grant

signals G1 or G2, and the done signal D. The grant signals indicate successive
arbitration decisions presented in sequence in response to actions of the done
signal D. When the arbiter is called a sequencer, often the "done" terminal is
labeled "next," conveying the message that the environment is ready to receive the

' next grant.

The cube specification says nothing about how the sequencer decides
which grant to issue in cases involving conflict. The cube specification has no
way to describe the behavior of the device over time. Thus designs with different
delay properties and different decision criteria can all conform to the cube
specification. Several such designs have been described in the past. The simplest |
arbiters follow a direct and literal interpretation of the cube specification of Figure
2. Only after receiving the done signal D do such devices examine the input
request signals and decide which grant to issue. They make decisions only in
states 2, 3 and 4 of Figure 2. The decision in states 2 and 3 is straightforward,
but the decision in state 4 requires arbitration. This type of arbiter is referred to

herein as a "late-decision" arbiter.

The principal drawback of the late-decision arbiter is its delay. The
delay is particularly long from state 8 when both requests are pending and the
done signal arrives last. The arbiter must choose which request to honor.
Because the late-decision arbiter examines its inputs only after the done signal
arrives, it has by then lost any information it may have had about which request
arrived first. This forgetfulness has two adverse conse‘quenceé. First, the grant
must await the full decision process. Second, even though the requests may have

arrived at very different times the decision element considers them at the same
REPLACLAL <wERT
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10 storage device 602 records that decision and takes responsibility for
reporting it when needed. This |iberates decision naking device 600 to nmake
a second deci sion. Decision storage devicg 602 records as many such
deci si ons as deci si on nmaki ng device 600 provides or as nmany as it can hold,

and deliver heng@ ' - ) Y ar.aped e

syst em of Fﬁ?rghr e bogr#gr(%:s&s?# teLegﬂé(HS%gJ@%%% #é}?}ﬁe Flgﬁ%%@gggﬁ% sarr-lrf.hﬂme
speci ficati R i ema‘ﬂ.g ilit¢ IR metal fabi s. It
. is silent a%g%t V\h%ﬁlteﬁieymr{%gtk}?ér te}%?gggc?g?%lns shgg?lclinge made, g%‘?jlﬁgwgﬁnsi | ent
- about how teccuekeThusethe dévision lmays be furftheradélayedieBuriswhen only a single

request has arrived, late-decision arbiters are relatively slow because the grant

must await the full decision process.

A more complex form of arbiter is called a "late-done" arbiter. To
produce a next grant output, the five-wire arbiter must have received both the
corresponding input request and a done signal D. An exception to this is after
initialization, when the arbiter is left in the state as if D has already occurred, and
a grant output is produced following the receipt of an input request. The done
signal does not play a role in the arbitration task, but sequences the grant signals.
Input requests. and D may occur in any order. However, if the environment in
which the arbiter is to be used generally produces new input i'equests before D
occurs, then a circuit implementation can take advantage of this fact to reduce the

delay between the receipt of D and the issue of the grant signal.

Thus, a late-done arbiter.decides“ in advance, if possible, which grant
to issue next. The decision is usually based on which request arrived first, but’
might be based on other criteria. In a late-done arbiter the decision process is
concurrent with the actions following a previous grant. If the next decision is
cdmplete by the time D arrives, the arbiter can announce its decision very soon
thereafter. Thus the delay from D to the next grant can be greatly reduced. The
name "late-done" refers to the fact that the done signal is involved ouly in the final
stage of the arbiter. One implementation of a late-done arbiter is the subject of a
commonly assigned United States Patent Application Number 08/303,247
(Attorney Docket No. P633X), filed September 8, 1994, which is hereby

incorporated by reference in its entirety for all purposes.’
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only that the grants be reported in response to signals on the done
termnal D An exam nation of the operation of the systeém of
Figure 6 reveals that conformance to the gube specification requires
storing no nore than two advance deci sions. Suppose the system has issued a

grant and awaits a done-sig CPHEE Mrg states 5, 6, 7 or
8 of Figure 2. At nost two § |t|t(}2§a?tnguests may g)ye)ndi ng, the case
corresponding to stafThe $resentiigvemion proeidesi improved neethieds svd efGuit®y for
therefore have made at nost two further decisions in response to the first
and the seimplemestingsiarionsembaettiments ofihigh pérformmansei arbiters. afrpeae i n t he
queue record two requests wll be granted first, and which

ich of th
second. Th@ngﬁ’%“é‘r‘v é@éﬁ?&%#@bi{enés pnplegmented by combining 2 ilatg-desisian r st of

Lher®, Soc EbitEr Wit a dskiidn SERfde 16r GIRR) delnlf. i SEr Enbod B O TR | Y
arbiter implementation that extends the amount of storage available for decisions is
disclosed. Broadly, this embodiment includes a decision making device followed
by a decision storage device such as a queue or a first in first out (FIFO) register
of any number of stages. The decision making device can be any type of arbiter.
The decision storage device following the arbiter allows the arbiter to report each
decision as quickly as it can and to start the next decision making cycle. This

embodiment of an arbiter conforms to the cube specification.

Accordingly, the present invention provides in a first embodiment a
late-done arbiter that includes a decision making device having a first and second
request input terminals respectively coupled to a first and second request input
terminals of the late-done arbiter, a first and second grant output terminals and a
first and second done input terminals; and a decision storage device having a first
and second input terminals respectively coupled to the first and second grént
output terminals of the decision making device, a first and second acknowledge
output terminals coupled to the first and second done input terminals of the
decision making device, a first and second output terminals respectively coupled to
a first and second grant terminals of the late-done arbiter, and a done input

terminal coupled to a done input terminal of the late-done arbiter.

~ In a second embodiment, the present invention provides an arbiter
including: a decision making device having a first and second request input
terminals respectively coupled to arbiter first and second request input terminals, a
first and second grant output terminals and a done input terminal; and a decision

storage device having a first and second input terminals respectively coupled to the

first and second grant output terminals of the decision making device,.an... .. ...
- 2 TR o~y .; B g
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As nentioned above, the cube specification restricts the environnent as
wel | as the decision making device. The cube specification requires that

requests and grants alternate. Thus, whilg awaiting the D signal, the
systemw || have issued at nost one grant” and the environment may have nade
at most o ifi f adrleCinpafl ¥tiin £b &idiBh makipgal of
two. It fofq%‘h?@éﬁ Tor ée?f‘% %ec}](%/r?ro rrents lt ol ow the cub g

speci fi cat §Qfice,24 fAF9Find wzo‘ﬁﬂﬁﬁﬁ t RrmMdiOrespeatively ampletl/m fipst ek sqwond.
Provi di ng addi t'i onal stages, | e not useful when inplenenting the cube

speci fi cat grant tetominalsosf thergrbitet, mdopdon itermiosl cmplsq $0 andorehermdnalefe
deci si on maki ng capability of the system,of Fi
the arbiter. The decision storage device is capa e of stormg one, two Or more

decisions.

In an alternate embodiment, the decision making device is coupled to
two or more separate decision storage devices. Each decision made by the
decision making device is applied to and stored in the separate decision storage

devices to allow separate users to examine the decisions independently.

A better understanding of the nature and advantages of the improved
arbiter implementation of the present invention may be had with reference to the

detailed description and the drawings below.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a block diagram showing the terminal interface of a five-

wire arhiter;

Figure 2 is a state diagram shoWing the operation of a five-wire

arbiter and its environment;

Figﬁre 3 is a block diagram for a five-wire late-done arbiter
implemented by the combination of a simple arbiter and a decision storage device

according to one embodiment of the present invention;

Figure 4 is a state diagram showing the operation of the decision

storage device of the late-done arbiter of Figure 3;
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Permts quicker successive announcenents of judgenments which allows the
user of a grant to proceed with the next cycle sooner. This is particularly
useful in, for exanple, processing syst engy where a nenory array i s being
accessed by several central processing units. In such an application,

Ki deci si ' || ; s Affadah
e o dectotons 11 HYgRCS @l My TORRCA Blpleiehdr of Y ARLPIE ok

arbiter as qdpeiarbRér ORI edﬂ &Wire0Rs arblter portivaiini eateﬂelumlfor deci si on
storage device 602. Thes provllldemgge si npl e%t expl aggatlon at the bl ock

di agram | evel of how the

Figure 6 is a block diagram of an arbiter with decision storage device

according to the present invention; and

Figure 7 is a block diagram of an arbiter with two decision storage

devices.

DESCRIPTION OF SPECIFIC EMBODIMENTS
Referring to Figure 3, there is shown a block diagram for a five-wire
late-done arbiter 300 according to one embodiment of the present invention.
Arbiter 300 is made up of a six-wire simple arbiter 302 connected to a two-
channel decision storage device 304. Six-wire arbiter 302 has two input request
terminals R31 and R32 that receive the arbiter request signals R1 and R2, two
output grant terminals G31 and G32, and two input done terminals D31 and D32.
Two input terminals INI and IN2 of decision storage device 304 connect to the
two output grant tefminals G31 and G32, respectively, and two output terminals
QOUT!1 and OUT? of decision storage device 304 connect to arbiter grant terminals
~ Gl and G2, respectively. Decision storage device 304 also generates two
acknowledge signals ACK1 and ACK?2 that respectively connect to the two done
términals_ D1 and D2 of six-wire arbiter 302. Decision storage device 304

receives the arbiter done signal D at an input DD.

Similar to the five-wire atbiter, the function of six-wire arbiter 302 is
to select between two possibly concurrent input requests, each of which may
request again only after the arbiter gives the corresponding grant. Six-wire arbiter
304, however, has two separate done signals D31 and D32 corresponding to the
two request inputs, separately indicating that a next grant may be given. Six-wire

arbiter 302 may be a simple late-decision arbiter, a more detailed embodiment of

which is described in connection with Figure 5. REPL ACEMENT SHEET
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device works. Alternatively one could inplenent the systemof Figure 6
using a nmutual exclusion elenent as decision nmaking device 600 and a FI FO
to provide the storage. | ngsonme applications several
separate out put queues prove useful. Figure 7 illustrates a design with two

such out put queues. [ t-Opd: , : e unber
of separate queues cgjﬁcgﬁ%égf(ﬁ’ggﬁggg{&@g ;ssyél‘?gé%ng;y ?:lggi%ér% ?gllds&irgp:e(?red to
herein as Qeﬁﬂr%ﬁ-t@u%a‘ei_rﬁé@htt?imitﬂpguélit@p%?% @Fﬁan9|&féi§rwlaysteﬁfs§a
deci si on nade by a decision nmaking device 700 to"two Separate deci slon

~ storage dedevies that aptepssa s€efldatacklefientd infsequencevantbdelivers ehemaneaheut put

. interfaces. Acknow edge signals from each queue are conbi ned by a conbining
~gate 704 af¥mgSgAvence:en demandnwhilepun the teansition quene, ihkidatp elements powyiderhe

; dual - QUEUE raf? b g&ixfgi.g L{/taerigusa%rxllgl\é’rsnetn\t’\ﬁiosng %q’rs%tcﬁ tgfnesgtfont 8ueues are the
subject of United States Patent Number 4,679,213, to Ivan E. Sutherland, which is
hereby incorporated by reference in its entirety for all purposes. Decision storage
device 304 uses a four-wire interface protocol wherein two terminals (IN1 and
IN2) carry transition signals in the forward direction from wires G3! and G32,
respectivély, and two wires (D31 and D32) carry transition signals (ACK1 and
ACK?2) in the reverse direction. Decision storage device 304 produces a transition
on OUT! in response to a transition on IN1 and a transition on DD. Similarly,
decision storage element 304 produces a transition on OUT2 in response to a
transition on input IN2 and a transition on input DD. Six-wire arbiter 302 avoids
concurrent transitions on both input IN1 and input IN2. The dot @ by the DD
terminal indicates that after initialization, decision storage device 304 is left in the
state as if a transition on DD has already occurred. The operation of decision
storage device 304 is shown by the six-state state diagram of Figure 4. As shown
in the state diagfam of Figure 4, the initial state is state O at the top of the diagram
rather than state 2 which is the conventional initial state for such a two-channel

decision storage device.

| Figure 5 shows an exemplary embodiment of the five-wire late-
done arbiter of the present invention in greater detail. The same reference
numerals are used in Figures 3 and 5 to refer to the same elements. Six-wire
arbiter 302 includes a first pair of latches 502 and 504 that receive the input
request signals R1 and R2. The._outputs of latches 502 and 504 respectively feed
the inputs of a second pair of latches 506 and 508, as well as an input of a pair of
exclusive OR (XOR) gates 510 and 512. The other inputs of XOR gates 510 and
512 receive the acknowledge signals ACK1 and ACK2 from decision storage
device 304. The outputs of XOR gates 510 and 512 drive the inputs of a mutual
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exam ne these decisions at their separate |eisure. The sequence in which
the decisions were matle will be evident to each user, but either of the two
separate users may exam ne the decisions lgefore or after the correspondi ng
action of the other user. Restrictions on the behavior of the environnent

remai n.  JusdxchfsidiPblehidtit 500 RMRGAT &£A4i0A eldrhentes00 fsomﬁﬂélhﬁ%ﬁé paf¥ssf ve a

grant for each request before issuing another request. In this enbodi nent,
however, t horosseeupled NAND gares ¢t smd 516 each dniving ah invertdrafitbnd 520,

12 respectively. The outputs of mutual exclusion element 500 control the enable

inputs of first and second pairs of latches 502, 504, and 506, 508, respectively, in
a complementary fashion. Mutual exclusion element 500 locks out the last signal
to arrive at its two inputs EX and EY. Inverters 518 and 520 supply the outputs
WX and WY, only one of which can ever be at a high logic state at a time. If the
input signals EX and EY enter at exactly the same time, mutual exclusion element
500 will enter a meta-stable state. Under this condition, neither output is high.
This is ensured by skewing the size ratios of transistors used in the NAND gates
and inverters, which adjusts the switching threshold for these gates to generate a

logic low output when in meta-stable state.

The combination of the simple six-wire arbiter and a single stage
transition queue as shown in Figure 3 conforms to the cube specification of Figure
2 and provides a novel implementation for a five-wire late-done arbiter that has the
capability to store one decision. The amount of storage available for decisions can
be extended by increasing the number of stages of the decision storage device. In
the embodiment shown in Figure 6, the present invention offers an arbiter system

~ that is capable of storing two or more decisions. The arbiter system according to
this embodiment includes a decision making device 600 followed by a decision
storage device 602 of two or more stages. Decision making device 600 can be
any type arbiter, including the simplest form of arbiter such as a late-decision
arbiter, and decision storage device 602 may be a FIFO or a transition queue of
any desired length. Building FIFOs or transition queues of various lengths is the
subject of United States Patent Number 4,679,213, dated July 7, 1987, which is

hereby incorporated by reference in its entirety for all purposes.

Decision storage device 602 allows decision making device 600 to

report each decision as quickly as it can and to ctart the next decision making

cycle. As soon as decision making device 600 reports its first decision, decisi
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The dual -queue arbiter is specially useful in parallel processing
applications where two separate users rely on the decisions nmade by the
arbiter but nay use the decisions at different tines. In particular, one of
the two users may process a particul ar deci sion sooner than the other, and

out put 1 nt SPFARLSBe 80R ESrdiHih 6B b RSB BT R PeodRRRY G

7 permts gaeh needed! OTHS Qfeesled eéikﬁrﬁofgﬁ%cﬁgcge%é BQG"[O‘?%! r?éi'geéd%fd t he

ot her user. The queues serve to decoup eclision m romt he

processes dégitions eDebisistestosdgendevice 602 records as mhily ¢ocle desisions akciiigsent
I nvention provides various enbodi nents for an inproved arbiter design that

i s capabl emakingdevige GOO piovidesior asdmany eisaibh ¢as thold,nand deliveds shere adetsi si ons
to speed ug t he thr.ough,puﬁ.l of the arbiter. Accordin éio an_enbqdi ment of
the i nvent PRIPUL SeaRIBAL; B therpper srauenes.s (Jdie sistem oftkigure 6 conforms to the

cube specification. The cube specification demands only that grants be made in
response to requests. It is silent about when the required decisions should be
made, and also silent about how to make them. The cube specification demands

only that the grants be reported in response to signals on the done terminal D.

An examination of the operation of the system of Figure 6 reveals
that conformance to the cube specification requires stdring no more than two
advance decisions. Suppose the system has issued a grant and awaits a done
signal, a state corresponding to states 5, 6, 7 or.8 of Figure 2. At most two
additional requests may be pending, the case corresponding to state 8 in Figure 2.
Decision making device 600 may therefore have made at most two further
decisions in response to the first and the second request. The order in which those
decisions appéar in the queue records which of the two requests will be granted
first, and which second. The arbiter awaits only the D signal before reporting the
first of these decisions and stands ready to report the second decision promptly

upon receipt of a second D signal.

As mentioned above, the cube specification restricts the environment
as well as the decision making device. The cube speciﬁcatiop requires that
requests and grants alternate. Thus, while awaiting the D signal, the system will
have issued at most one grant and the environment may have made at most one
further request on each of the request terminals for a total of two. It follows that
for devices and environments that follow the cube spe;:iﬁcation, at most two stages
of FIFO or queue can ever be occupied. Providing additional stages, while not
useful when implementing the cube specification, does not hamper the operation of

the system. The advance decision making capability of the system of Figure 6
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" the above

decision arbiter is conbined with a decision storage device such as a FI FO
or transition queue of any nunber of stages. Wiile the aboVve is a conpl ete
description of several enbodinents of thejpresent invention, it is possible
to use various alternatlves nDdlflcatlons and eqU|vaIents The scope of

- the pr esentp diekersfireb i d Refticemaniot ' f O
escrl I'ptil on but shéul dﬁﬁf ns?t ead, beﬁi(’j term ng)émm Eﬁw’? rg%%:oto
t he appendexigraniitonprocdednwitlvi the relretycle sobnerc o fhiots patticuddrnuseful in, for
example, processing systems where a memory array is being accessed by several
central processing units. In such an application, making decisions in advance

allows the memory array to be busy more of the time.

The system of Figure 6 may use a simple late-decision arbiter as
decision making device 600 and a transition queue for decision storage device 602.
These provide the simplest explanation at the block diagram level of how the
device works. Alternatively one could implement the system of Figure 6 using a
mutual exclusion element as decision making device 600 and a FIFO to provide

the storage.

In some applications several separate output queues prove useful.
Figure 7 illustrates a design with two such output queues. It is to be understood,
however, that a greater number of separate queues could be included. The system
of Figure 7 is referred to herein as a dual-queue arbiter. Two independent
channels supply each decision made by a decision making device 700 to two
separate decision storage devices or queues 702-1 and 702-2 that provide two
separate output interfaces. Acknowledge signals from each queue are combined
by 2 combining gate 704 and applied to the done input D of decision making
device 700. The dual-queue system of Figure 7 allows two separate users to
examine these decisions at their separate leisure. The sequence in which the
decisions were made will be evident to each user, but either of the two separate
users may examine the decisions before or after the corresponding action of the
other user. Restrictions on the behavior of the environment remain. Just as for
the cube specification, the environment must observe a grant for each request

before issuing another request. In this embodiment, however, the observed grant

may be seen on either output channel.
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1. A | ate-done arbiter conprising: a deci si on naki ng device
havi ng first and second request input termnals respectively coupled to
first and second request input termnals,gf the | ate-done arbiter, first-
and second grant output termnals and fi rlgt and second done out put

term nal s; and ~a_deci,sjon_ stor Is ng first and
- second input term naFge rdggbggf‘??/gmﬁeédﬁﬁi’%cdg?g%%@Yﬂﬁﬁ)ﬁgﬁﬁgﬁ?&% gr ant
out put ter gphiatiofd wheRe ¢W6! stparhte users rely on the decisions made by the arbiter but
may use the decisions at different times. In particular, one of the two users may
process a particular decision sooner than the other, and therefore be able to use the
next decision sooner. By offering a separate output interface to each of the two
users, the dual-queue system of Figure 7 permits each user to proceed at its own
pace without waiting for the other user. The queues serve to decouple the decision

making from the processes that use the decisions.

In conclusion, the present invention provides various embodiments
for an improved arbiter design that is capable of making decisions in advance and
storing the advance decisions to speed up the throughput of the arbiter. According
to an embodiment of the invention, a decision making device such as a late-
decision arbiter is combined with a decision storage device such as a FIFO or
transition queue of any number of stages. While the above is a complete
description of several embodiments of the present invention, it is possible to use
various alternatives, modifications and equivalents. The scope of the present
invention should therefore be determined not with reference to the above
description but should, instead, be determined with reference to the appended

claims, along with their full scope of equivalents.
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aki ng device, first and second acknow edge output term nals coupled to the
first and second done input termnals of the decisiaon nak_;_nmm ce, first
and second output terminals respectively coud|BHStSHEETHAS B second gr ant
termnals of the |ate-done arbiter, and a dorle i npRgPLAQED nal ¢oupled to a
done input terminal of the | ate-done arbil#r, Wher ei n, the
deci sion storage device stores a first decision output of the decision
naking device al | FASTIARBFTER WITH DECISION'STORAGE i tiate a
subsequent ar bi tratlon ore recel pt of a done signal. 2.
The | ate-done arbiter of claim1l wherein the deci si on maki ng device is a
six-wire arbiter of the late-decision ty

ABSTRACT OF THE DISCLOSURE
Improved circuits for implementing various embodiments of high

performance arbiters are disclosed. In one embodiment, a late-done arbiter is
implemented by combining a late-decision arbiter with a decision storage (or
queue) device. In another embodiment, an arbiter implementation that extends the
amount of storage available for decisions is disclosed. A decision making device
such as a simple arbiter is followed by a decision storage device such as a queue
or a first in first out (FIFO) register of any number of stages. The decision
storage device following the arbiter allows the arbiter to report each decision as
quickly as it can and to start the next decision making cycle.

“FIG. 1
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3. The | ate-done arbiter of claim?2 wherein the decision storage device
Is a single stage first in first out register for storing one decision.

4. The | ate-done arbiter of claim2 wherein the decision storage device
Is a single stage transition queue for storing one decision.

5. _An arbiter circuit conprising: a deci si on naki ng device
having a first request input termnal f&r receipt :

168
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of a first systemrequest signal, and a second request input termnal for
recei pt of a second systemrequest signal, a first grant termnal and a
second grant termnal, and a done term nal; and a deci sion
storage device having a first input termnal coupled to the first grant
termnal, a second input termnal coupled to the second grant term nal, an
acknow edge term nal coupled to the dong termnal, a first output term nal
suppl yi ng -
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a first systemgrant signal, a second output termnal supplying a second
system grant signal, and a system done input termnal,
wherein, the decision storage device stores a first decision output of the
deci si on making device allowing the arbiter to asynchronously initiate a
subsequent arbitration before receipt of a._done signal. 6.
The arbiter circuit of claim Gaherein the dedl sion storageed.ew ceis a
first in first out register having at |east tjwo stages .
The arbiter circuit of claimy wherein the decision storag{devi ce '5%’
transition queue having at |egst two stages. ))

Qutt £z
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8. An arbiter circuit conprising: a deci si on naki ng device
having a first request input termnal for receipt of a first systemrequest
signal, and a second request input termnal for receipt of a second system
request signal, a first grant termnal and a second grant termnal, and a
done term nal; a first decifion storage device having a first
I nput termnal coupled to the first grame—=termnal, a second input term nal
coupled to the second grant termnal, a first acknow edge termnal, a first
out put termnal supplying a first systemgrant signal, a second output
term nal supplying a second systemgrant signal, and a first system done

| nput term nal;
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a second deci sion storage device having a first input termnal coupled to
the first grant termnal, a second input termnal coupled to the second
grant termnal, a second acknow edge term nal, a first output term nal
supplying a third systemgrant termnal, a second output term nal supplying
a fourth systemgrant signal, and second system done input term nal; and '

.
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a conbining circuit having a first and a. second input termnals coupled to
Eréle fi rls—t—aﬁd—setomkﬁcknow edge .ternminal s, respectivel y and an out put
rm na ne termnal of the rdeet oA —e e vH—G-o-
. The mﬂhmr“ﬂH T'tlﬁ '6f - ¢l ai m 2 wherein Sﬁﬂé%“@é“ﬁﬁﬁﬁm SG
corrprl ses . first” I atching3sci r quish, -FESIREgRT PrEad . ?i;@ pagashd-

request | nput ter m naI S respectively coupl ed tdr ai%‘ﬂ"’*ﬁ%t afegode 'ﬁdp&@‘siu
input termnals of the | ate-done arbiter, fi st SRrisaGhn gagad. puto paged .....

term _naI s, and first and second enabl e i nput {t hbpisict fopagcds-% fomee
enabl i ng MELMB&&C _ output term nalis of the first |atchi ng
circuit; first and second excl uji DATIROF RECRIPT . I8N £ PEh

-----------------

exclusive OR circuit having a first input termTar—couptedto—the—f+++st

output termnal of gaid W 3 dbft afBiRd comprising:

a decision making device having first and second request input terminals

respectively coupled to first and second request input terminals of the late-done
arbiter, first and second grant output terminals and first and second done output
terminals; and
a decision storage device having first and second input términals
respectively coupled to the first and second grant output terminals of the decision
'\_/ making device, first and second acknowledge output terminals coupled to the first and
second done input terminals of the decision making device, first and second output
terminals respectively coupled to first and second grant terminals of the late-done
arbiter, and a done input terminal coupled to a done input terminal of the late-done
arbiter, |
wherein, the decision storage device stores a first decision output of the
decision making device allowing the late-done arbiter to asynchronously initiate a

subsequent arbitration before receipt of a done signal.

2. The late-done arbiter of claim 1 wherein the decision making

W device is a six-wire arbiter of the late-decision type.
3. The late-done arbiter of claim 2 wherein the decision storage

device is a single stage first in first out register for storing one decision.

4. The late-done arbiter of claim 2 wherein the decision storage

device is a single stage transition queue for storing one decision.

5.  An arbiter circuit comprising:

a decision making device having a first request input terminal for receipt

REPLACEMENT SHEET!

08 JAN 1999




circuit, a second input term nal coupled to the first acknow edge out put
term nal of the decision storage device, and an output termnal, and, said
second exclusive OR circuit having a first input termnal coupled to the
second output termi nal of said first latching circuit, a second input
term nal coupled to the second acknow edge out put term nal of the decision

st or age ﬂmmﬂ""“mtlml Lpu't term nal ; a nutual exclusion

el enent [ le econd input termnals respectively coupled to the
out put terii rfal tof "t he first exclusive OR circuit and to the out put

term nal of the second exclusive ORcircuit, and, first and second nut ual

nabl o 1 nph FSt e regh o b B abe B Beifel o Serghighf 16 HocBfHE O

second system request signal, a first grant terminal and a second grant terminal, and
a done terminal; and

a decision storage device having a first input terminal coupled to the first

grant terminal, a second input terminal coupled to the second grant terminal, an
acknowledge terminal coupled to the done terminal, a first output terminal supplying
a first system grant signal, a second output terminal supplying a second system grant

| signal, and a system done input terminal,
'\_/ wherein, the decision storage device stores a first decision output of the
decision making device allowing the arbiter to asynchronously initiate a subsequent

arbitration before receipt of a done signal.

6. The arbiter circuit of claim 5 wherein the decision storage device

is a first in first out register having at least two stages.

7. The arbiter circuit of claim 5 wherein the decision storage device

is a transition queue having at least two stages.

L 8. An arbiter circuit comprising;:

a decision making device having a first request input terminal for receipt
of a first system request signal, and a second request input terminal for receipt of a
second system request signal, a first grant terminal and a second grant terminal, and
a done terminal;

a first decision storage device having a first input terminal coupled to the
first grant terminal, a second input terminal coupled to the second grant terminal, a
first acknowledge terminal, a first output terminal supplying a first system grant
signal, a second output terminal supplying a second system grant signal, and a first
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a second latching circuit having first and second input termnals
respectlvel coupl ed to the first and second output termnals of the first
I"at chi ng - CI I‘CUI and second output termi nals respectively coupled to
the first nd i nput térm nals of the decision storage device, and

first and m’” t term.nal s ifor respectively enabling said
first and secon ,r-1|1 nal s of the second latching circuit, said
first and second enabl & i mput terminals of the second | atching

a second decision storage device having a first input terminal coupled to
the first grant terminal, a second input terminal coupled to the second grant terminal,
a second acknowledge terminal, a first output terminal supplying a third system grant
terminal, a second output terminal supplying a fourth system grant signal, and second
system done input terminal; and

a combining circuit having a first and a second input terminals coupled

" to the first and second acknowledge terminals, respectively, and an output terminal

coupled to the done terminal of the decision making device.

9. The late-done arbiter of claim 2 wherein the six-wire arbiter
comprises: '

a first latching gifcuit having first and second request input terminals
respectively coupled to a first and second request input terminals of the late-done
arbiter, first and second output terminals, and first and second enable input terminals
for respectively enabling the first and second output terminals of the first latching
circuit;

first and second exclusive OR circuits, said first exclusive OR circuit
having a first input terminal coupled to the first output terminal of said first latching

o circuit, a second input terminal coupled to the first acknowledge output terminal of the
decision storage device, and an output terminal, and, said second exclusive OR circuit
having a first input terminal coupled to the second output terminal of said first latching
circuit, a second input terminal coupled to the second acknowledge output terminal of
the decision storage device, and an output terminal,

a mutual exclusion element having first and second input terminals
respectively coupled to the output terminal of the first exclusive OR circuit and to the
output terminal of the second exclusive OR circuit, and, first and second mutual

exclusion output terminals respectively coupled to the first and second enable input

terminals of the first latching circuit;‘and REPLACEMENT SHEET
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circuit respectively coupled to the first and second output termnals of
t he nutual exclusion el enment.

-~

LT

a second latching circuit having first and second input terminals
respectively coupled to the first and second output terminals of the first latching
circuit, first and second output terminals respectively coupled to the first and second

* input terminals of the decision storage device, and first and second enable input
terminals for respectively enabling said first and second output terminals of the second
latching circuit, said first and second enable input terminals of the second latching
circuit respectively coupled to the first and second output terminals of the mutual

exclusion element.
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FAST ARBITER WITH DECISION STORAGE

ABSTRACT OF THE DISCLOSURE

Improved circuits for implementing various embodiments of high
performance arbiters are disclosed. In one embodiment, a late-done arbiter is
implemented by combining a late-decision arbiter with a decision storage (or
queue) device.' ‘In another embodiment, an arbiter implementation that extends the
amount of storage available for decisions is disclosed. A decision making device
such as a simple arbiter is followed by a decision storage device such as a queue
or a first in first out (FIFO) register of any number of stages. The decision
storage device f_ollowiﬁg the arbiter allows the arbiter to report each decision as
quickly as it can and to start the next decision making cycle.

“FIG. 1
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