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Abstract

Meny software sysiems exist for automatically implementing synchronous state—machines.
Presepted ix this paper is a software systern — A SSASSIN — for the design and automatic layout of
self—timed (ar speed-independent) control—units as integrated circuit modules. A SSASSIN pruvides
for the editing of textual descriptions of centrol~flow, the functional simulation of speed—independent
control—umnits, and the automatic layout cf the implementation 2s a Path—Programmable Logic (PPL)
program. A SS4 SSIN uses a well—known leciinique (a one—hot stale encoding) for implementation of
the eontrol—unit Examples are given illustrating the specification and meleéenmtion of sirmple

state—machines. In addition, the desigc of a sLaLe—machm)e of interest in the University of Ulab's
A da—tc—Siliccn project is carried out. A portion of the Ada code fer the "Output Side” of the Inter—
Net-M odule (INK - 0UT), wkich will eveztually be fabricated as part of the A da~tc~Silicen Project, is
converted by hand to ASSASSIN input format and frem there to an irtegrated drewit layout by
A SSASSIN, thus illustrating the vse of ASSASSIN ir the context of the A de—to—Silicon Project.
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1. Infroduction

The development of CAD tocls for integrated drenit design bas exploited a vast body of kncwledge
about synchreneus cemputing systems. O)d and new integrated dreuit technologies have been well—~
suited fer implementing synchrenous cemputing systems. The suecess of these synchropous systems
bas beer. predigious as witressed by the recent boerrs in the manufaciuring and purchesing of com—
puling systems. Current research in semicenductor devices is rapicly heading toward the ability to
corstruct computing systems which cperate orders of magnitude faster and which are far more com—
plex than those currently available. A SSASSIN Lreats part of probiem of designing self—timed sys—
tems.

W itk precjected room—temperature speeds cf logic devices ranging dowrn to ters ol picoseconds of
celay lime [Z), it appears that the pesiujate advarced by Seitz in Chapter 7 of ntroduction o VL S/
Siysterns (7] will be borne ovt. The centerticn is that the currezl methods of system synchrorization
(global clocks) will result in unreliable ciraits as device speeds ircrease and as device switching
energies decrease. '

If Seitz is indeed right, the newer arc faster integrated crcuit technologies will require computing
systerns to be implemented using something like "Sell~Timed" or “Speed-independent” logic. In
these types of legic, only sequence is of concere. The actual gate and wiring delays will not affect the
function, cnly the absolute speed. It sheuld be noted that ary asynchronous device requires that the
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surroundicg envirenment to be suitably conditioned so as to tolerate the "un—synchrorized” ectiens
of the device.

M uch work has beer done in the implementaticn of synchrorouns struclures in integrated dreuits.
Computing systems can be divided inte two main parts: control and datz—patk. Universities and
industry alike bave produced many methoeds for generating synchronous system control, some using
the PLA. W crk has and is being dcre in the auvtomatic generation of synchronous data—paths {8].
W hile there have been some successhul efforts to construct self-timed or speed—independent comput-
irg systems such es DDNM 1 (2) and ILLIAC I [€), there Las beer very little work done en the im=
plementatior of self}imed computing systems ir integrated dreuits. This may be because there
were {ew ictegrated cirenit implementation strategies which readily lent themselves to the construe—
tion of sel{—timed circuits.

The developmernt of Path~Programmable Logie [1] (PPL), a derivative of the Storage/Logic Armay
(SLA) (10}, has proven to be cf great value in the generation of seli<4imed control in integrated
circaits. 3

A SSASSIN is part of a research effort, being pursued at the Univérsity of Utah, to convert Ada
prograrms into integrated circuit implementations. A SSASSIN transiorms the control portions of Ada
pregrams intc their corresponding integrated crewit cotunterparts. In addition, A SSASSIN (]
provides a sofiware (ool for the specificatior, simulaticrt and compilation ¢f self—timed control—units
to integrated circuit module layouts. As such, it begins te treat some of the low—evel problems of
self-timed systems design. It uses PPL as the integrated circuit implementation strategy and a
cne-hot encoding of the control states (4] &s e mapping frem the specification tw the drcuit
implemertation. It allows an implemertaticn independect specification of ccrntrol {that is, inde—
pendent of fabrication lechnologies and arcuit iqlple-menLann Lechniques), and provides functional’ .
simulation capabilities Layout generatior. (analogous to the software coropiler code generation)
results in sel{—timed circuits which functionally metch the results of smulatlon A SSASSIN also
provides a single, ccnverient user interface for all of its funct)ons ; '

2. The Specification of Control: Syntax

Tre spedlicatior of cozirol fer e given dreonil car result i e Jabelled, direcled graph similar to the
one ir figure 2—1. There are named riodes whick are called states and labelled directed ares which
are called ransitions. A ssociated with states are cperaticns on cutput variables. These aperztions
may be functicns ¢f ordy the state, or they meay be hunctiens of the stzie 2nd a2 boslean function of &
set of input variebles. Transitions are labelled with a boolean functicn of members of the set of izput
variables which dictates the condition uper which that trarsition will take place. Trarnsitiers may
alsc have associated operaticns on cuiputs (M ealy I achines).

The ability tc specify strictly sequential contrel is certainly essertial. Altheugh our current en—
derstanding of concurrert processing is very limited, the ability to handle concurrent paths of control
may aisc prove to be useful as our understanding increases. Corcurrercy (in the context of control)
can be icterpreted in two ways. The first is where twc separate mackines cperate independently,
ccramunicating via some sigralling protocs!. The second is where a single machine performs some
types of concurrent processing by having concurrently executing eontrel paths. The first is handled
by having control-units compesed of mulliple state—machices. Ir terms of graphs, this implies that
cne can draw many separate graphs, w:se interconnectior is implied by outpul and input variable
parnes. The second is handled by allowing, witkin a single state—machine, some notion of forking to
begin concurrently executing contra! paths and 2 notion of jeining to terminate concurrently execut—
ing control paths. The addition of the concepls of FORX and JOIN to the graph model of controlflow
is illustrated in figure 2-2. .

Ouvtput generation frerm: a contrel—ril czn be either erduring or ephemeral. Enduring outputs
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Figure 2—1: A Simple Control-Flow Graph

are letched and operated op by SET and RESET only. W hen an endurirg output is SET it will
rermain on until a RESET operation is perforrned. Ephemeral outputs are gated and remain on only
while the required conditica is met (either residence ic a state or execution ¢! 2 transition). They are
cperated on by HOLD. '

Figere 2-8 contaics a control—{low graph which contains all of the features included in the discus~
sior above. Stetes are represented by rectargles witk the name cf the stzte indicated in the upper
Jeft ccrmer, followed by e color. Output generaticn is indicated by a right—errew. To the Jeft of the
right—arrow will be a boolear expression ard tec the right the operatices to be performed and the
nzrmes of the outputs which are Lo be cperated on. Fer example, State B contains three output
operaticrns. The first is urconditioral (it depends enly cn the state of the machine) and causes the
ephemeral cutput '01" tc be held trve. The seccnd is conditiona) (the boolear expressien is “13") and
cauvses the erduring cutput "08" tc be SET. The third is also cornditiornal (lbe boolean expression is
”]4 OR [£") and causes the ephemeral outputs 02" and "05" (o be held true and the enduring output
"04¢” to be RESET.

4lsc required in the specification of ccrtrol is the concept of an initial stzte. Ir the grephs, this is
indicated by the arc labelled M asterResel which kzs re state node at its tail.

[n summary, the specificalion Janguage fcr contrel should indude the follewing features:

—the cencept of an irnitial state,

—simple trarsitions {rom one state te another (M OVE),

—trarsitioss frem cne state te marey states (FORK),

—transitions from many states to one state (JOIN),

—outputs controlled only by residence it a state or by the executicn of a transition,

-—~outputs controlled by e beolear. combinaticr of inputs AND by residerzce in a state or by
the execction of a transition,
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—arbitrarily complex boolean expressions for conditions {controlling transitions and catput
generstion),

—lambda transitians (where the condition is the tautolegy TRUE),
—ephemeral outputs,

—erduring outputs,

—multiple and vaﬁed transitions from a given state,

—rmultiple ard varied transitiens to a given state, and

—multiple state—machine control—units,

The task now is to codify the points listed above, such esin 8 grammmar in BNF. It must allow far
all the points listed above while limiting its expressive power to thase points The language must be
easily pamed and it is desirable that parser generators be used to generste the code for the parser.
A bove al], the language should be concise and intelligible to design epgineers. _

The complete BNF for the language (whick is called CUDL) is included in A ppendix 1. The lan=—
guage has the ability to represent each of the points listed above. There are four types cf blocks in
the language. The first is the CONTROLUNIT block. This block indicates the name of the overall
cantrol—unit and contaips STATER ACHINE blocks. It also indudes the specification of "global” input
expressions which assign boolean expressiops te an internal variable which car sién.i.ﬁeeu:ﬂy reduce
the size of the code written to describe the contrel—unit. The names of “global” inputs car be used in
the descripticos of transitiops ard oviput generation. Figure 24 ccntains the CUDL code deseribing
the machine whese graph is in figure 2-3.

controlunit CompileTestS:
inputs: BIG := Il and (12 or not 13},

celttimed statemacnine Test9:

startstate R:
forkon BIG to B,C;
moveon NOY BIG to D;
hotd 01,02;
reset 05;
set 04

andj

state 81

joins C on 14 RND IS to F;

joins E on I4 DR IS to F;

hold DIi;

{¢ I3 tnen sat 03;

14 14 OR 15 1hen bagin reset 04; hold 02,05; end;
end;
state C:

moveon NOT 18 tes E;

joins B on 16 to F doing begin resat 03;

it BIG then set 04; end;
hold D1;
end;

state D:
moveen !7 to F doing sat 03;°
end;

state E;
joins B on TRUE to F;
end;

state F:
moveon 18 to R;
pmoveon NOT I8 te D;
end;

Figure 24: CUDL Code {cr tke Graph ic Figure 2-3
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Eventually, given an appropriate display device, & graphical version of this langué\ge could be
developed and the specification of centrol could be dene in terms of control<{low graphs rather than a
textual description of the graph. A project is underway to implement such a front end to A 884 SSIN
on an Apolloc DOM AIN computer.

3. The Simulation of Control: Semanfics

Given that the syntax of control—unit specificaticn is defined, the designer must also understand
the semantics in order to use the system. The semantics of control is direclly influenced by the
implementation sirategy selected Since the spedfication of control should allow for conecurrency
within a giver state—machine, a scheme which allows the implementation of such concirrency must
be selected. The noticn of cencurrency elimirates the possibility of completely and uniquely encod=-
ing the state variables. The one-tot implementation scheme {campletely decoded) allows for easy
implemertation of ccncurrency. The following discessicn is largely based on the assumptlon that a
one—tot implementation is used

The specification syntax described in the previcus sectior can be interpreted in three ways The
interpretation depends on the particular mapping strategy being used ip the compilatien. The three
pessible types of mapping are synchronous, asynchronous, &nd self~timed. [n order to allow {ar all
three interpretations to be eventually siraulated and compiled, the language incudes the concept of a
state—machine type. The choice of a state—machine level semantic interpretation is made explidl
through the use of the keywords: SELFTIKED, ASYNCHRONOUS, and SYNCHRONOUS. [n t.b.is"way. the.
user cap specify various types of control using tbe same system. Only the SBL}’TIHBD opucn is
'cu'rently implemerted iz A SSASSIN. - - - '

The simulation of self—timed cortrol can be furctional in nature. Tbis functiona.l simulation.
provides krnowledge abeut the segquential furnction of the creeit Sinee the 1mp]ementauon of {he
dreait is sueh that if sequence is corred, .fL.nc‘onn is correct, the user is sure that the cu-cult will -
work if the environment in which he places it is conditioned to interact in a self—timed manper with
the control—unit. .

The simulation of synchronous and asynchronous contro) real\y requires the use of a detmled
timirg simulator. This simulater must be able te make acurate delay calevlalions based on vari—
able gate delays. In the world of the integrated crcuit, these delays may or may not be easily
calculated since long wires and heavy loacs will significantly alter the operaticr of apy given gate.
Thus, the preblem of siraulation fer these types of sysiems is rmauch more difficelt that for the self—
timed systems.

Tc interpret the semartic actions of the coctrol—unit, one must know first the actiors to be taken
to execute a transition and second how oculputs are generzted. Trarsitions are operations that
change the internal state of the machine. Although there may be many tratsilions specfied for
leaving a given state, it should never be pessible to execute two trapsitions concurrently from the
same state. Since the ccrotroi—unit hes no centrol over the sequence of arrival and the timing of the
inputs that trigper transiticns, the preblem ef having twe trapsitions executed simmultaneously is
inherently a dynamic cne and its avoidarce requires a detailed knowledge of the environment into
which the control—urit is to be placed. [f two trarsitions were executed simultanecusly, the result
would be & state—machine which would be iz two sequential and mutually exclusive states at the
same time.

The three interpretations of control have somewhat different views of transitions. The one—hot
implemertation uses transitions that are essentially handshakes between Jogically adjacent states.
This characteristic can be partrayed by a "token—passing—rmachine”, with provisions made for the
controlled splitting and recombiration of tokens (FORK and JOIN). In a transition between state 4
and state B, state A will first set state B ard ther siate B will reset state A. Consider the case (figure
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Figure 3—1: Handshaking States

3—1) where 2 machine contains four sequential states, A, B, ¢ and D. Assume the machine is currently
in state B. If a2 transition is executed, moving from state B Lo state ¢, botb states 8 and ¢ will be on
during the time it takes state € to reset state B. Now, consider what happens if the tracsition from
state C to state D can occur immediately after state € is set. ]f state ¢ can set state D and stateD mrn
rcsel state ¢ before state € can reset state B, the machine will be left in a state where both states B
and T are op — resultipg in 2 melfunction.

The differences between the three semantic interpretations all center around what to de about this
timing problem. In the seli—imed approach, it must be guaranteed that such a malfundien cannot
occur. In order to ersure this, the state—meactine must verify that each trarsition is complete before
allewicg the cext one. Tkhisis done by impesing ar additicra] condition on each transition. It.is no
longer sufficient just to be in & state fer e transiticn to be possible. In addition, all stetes which could
possibly cause a transition {o the current state (its predecessors) must also be off. In the
asvnchroneous approach, it is assumed that gate delays will be well enough behaved that this problem
does not arise. This approach is especially naive in the codtext of the integrated circuit where gale
delays may vary pearly an order of meagritude depending cr loadirg. The synchronous éppruacb
tries to avoid the problem by recognizing icputs that trigger transitions only at specified times. If
the clock peried is of the same order as the delays in the faster gates, the problem will not be
avcided. Urfortunately, the introduction cf the dock necessarily slows the respense of the control—
unit. Of the three apprcaches, only the self—+timed approach grarantees a cantrol—unit which cannot
malfuncticn dee to intercal timing problerms.

Looking from inside the control—urit, there are two Lypes of outputs. The first is the ephemeral or
gated output. Itisturned cn crly while the apprepriate conditice is met. The second is the enduring
er latched output. This type of ocutput is contrelled by setting er resetting 2 latch and therefore its
level is rraintained ever after the aporepriate conditicn has disappeared It is pessible, however, to
place a latched output in 2 metastable condition by trying to set cr reset it at the same time, so same
care st be taken in werking with latcred outputs.

The generation of cutputs from & coztrol—umt is always corditioral upor something. W hat we
term as ar urcenditiona) output is an output that depends enly on being in a particular state or only
cn a particular transitior being executed. W hat we term as a copditional output depends not only on
state or trarsilion, bul also on a boolear combinaticn of input variables.

Urecerditicnal outputs are operated c- immediately upoz eciry into a state or upon the execution
of a trapsiticn. Alse, ephemeral outpuis which are vneenditicnally operated on from e state or
transition must be released when the state is left cr the trarsition is completed.

Conditicnal outputs are operated on when the entire ~onditicn becomes true, induding entry to a
state or execution of the appropriate tracsition. Again, ephemeral outpuls which are conditicnally
operated on from a state or tramsition =ust be released whern either the boolear condition is no
long:er met or the state is left or the ‘trarsitior is ccrmpleted.
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Because of the handskake going on betweer lczically adjacert siates, there is a small amount of
time wben the machine is legally in both states at the sare time. This allows for ephemeral cutputs
to be ORed in & glitch—free manner betweer logically adjacent states. Endurirg outputs centrolled
by legically adjecent states pcse a problem if beth a set erd reset are attempted at the same time
— the output latch wxll temporearily be placed ic 2 metastable state, possibly adversely affecting t_he
surrounding ‘F.@_l_'gnmenL

ir. ASSASSIN, there is no implicit communication between ary twe state~machines spedfied as
part of the same control—unit All suck icter—state—mactine communication is accomplished by
explicit signalling protocols vsing inputs to and outputs from the state—machines.

4. The Implementation of Control

The actual physical implementation of control depends or two factors: the dreuit implementation
techrique and the control—unit implemectsation techrigue, The cirevit implementation technique
should be picked so as tc make the physical realization of the cortrol—urit implementation technique
2s simple as pessible.

The seleclion of 2 control—unit implementatice technique depends on the set of features to be
implermented Thus, employing FORK and JOIN prohibits using & mondlithic, completely encoded
contrel=urnit. Including FORX and JOIN in 8 cortrol~unit implementation technigue requires either a
very complex strategy for splitting out the concurrent sections of the contro] inte physically (and
perhaps logically) separate seclicns, & partially encoded scheme where the sequentiel contra sections
are encoded and the corcurrent are cot, or a ccrapletely decoded machine. The ope—hot implemen—
taticn is a ccrnp)ete}y decoded scheme in wkich FORK and JOIN -are easﬂy inciuded. . The tradeoffs
inveolved in selecting the one-hot strategy are discussed by Hollaer [£).

Basically, the one—hct strategy invelves the vse ¢! cne latch for each state, two gaiﬁ for each *
trarcsitior, 2 latch or driver for each outpul, and cne gate fer each ccrdition eentrolling cpndit.ionzil
cutputs from a given stale or transition. Fer complex machines, the automatic full—custam layout of
a one-hot control—unit could be very difficuit. ' :

Path~Programmable Logic provides a very regular structuyre that is particularly well suited for
implemerling one—hetl certrei—arits. In tke mappicg of cortrol onte PPL using a cne—hol encoding, &
single latc: is used for each stale varizble. Eack transilion maps to two PPL row segments, one to
set the next state and the other tc reset the current state once the next state has been set. In
additior, ccrmiplex boolear conditions ¢n trensiticns (or on cutputs) may reguire the introduction of
termperary gates. Ip PPL, the AND cf several icputs is detected cn a single row. The OR is formed
on the columrns. For this reason, extra PPL oolumns containing temporary variables must be in—
serted fer forming the OR terms of boclear expressions. Outputs are controlied by using a single
PPL row tc drive all the unconditional ouiputs controlled by a siate or a transition. Each separate
conditicn fer contrelling cornditional outputs vses & single PPL row.

-

4.1. The Implementation of Control: Floor Plan

W itk the basic mapping strategy definec above, we socn see that there are many ways to specfy
the global crganization or floor plar of the certrel—unit. The one selected {cr vse in ASSASSIN was
chasen because it appears to be simple This [Joor plan {see figure 4=1) has the state latches, tem—
porary veariable inverters, and input inveriers in a single bard across the middle of the control—unit.
Output latches and inverters are placed i 2 band across the top of the control—unit Inputs arrive
from the bottorn of the ccntrel—urnit and ocutpuls are ermitted from the top of the control—unit This
stacking of inputs and outputs results in a significantly smaller area and is a direct corsequence of
using a PPL-ike structure for the creuitl implementation. State trapsitions are generated in the
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bottom half of the control—unit and boclean expressions ard outputs are generated between the state
latch bard and the cutput band 1t is possible to make cther area optimizatices in the PPL layout of
cne-hot control-units,

OutputLatches and Gates

Boolean E xpressions
and
Output Generation

State Latches, Input/Temp Gates

T ransitions

Figure 4=1: Global Organization of A SSA SSIN Output

This giebal erganization results in & simple PPL éenerator that ne=ds re routing tools for con—
structing the contrel—cnit All the PPL gererater has to know is which ceils to place and where to
place thern — an easy problem when compared with routing. '

4.2. The Implementation of Control: Code Generation

ff e have now almesl fully specfied the entire system. All that remaips is to actually copstruct
algorithms for generating PPL programs thet implement the control-unit. The self-timed control—
unit requires the use cf latches for representing states. These latches must indicale their change in
state after Lthe sel or resel signal has arrived. The PPL c=ll designed fer tkis purpese is the four—vire
lalch. It contairns cress—coupled NMOS ipverters for the latch with inverting—buffered outputs
Thus, this cell cannot signal its change in state vntil after the latch Kas changed state. A SSASSIN
can currently generate either a CIF description eof the cocawrcl—unit er a file writter in
Computervision's CADD S2 External Data Sase lormat.

The transitions for a self=timed cecirol—unit require two row segrments. The first senses that the
machine is ir @ certain slate — say state 4, that all possible predecessor stales (stales which could
have caused a Lransition Lo state 4) have been reset, and tral the eondilion for the Lransition is met
It al) these conditiocns are met, the latch fer the next state is set. [f there are outputs corntrolled by
the transition, an inverter is used to eppropriately control cutput generation from the transition
The second row segrnent detecis that the next state has been svecessfully set and resets statea.

Figure ¢—2 illusirates a simple transition between lwo states. The machine is i state B, having
come from state A. State A has been reset. The firs’ row below the state latches performs the
"forward” transition, or settirg of the cext state. The ‘0’ urder the latc: for state A detects thet state
A has beer reset The '1’ under the latch for state B detects thal state B has been set. The ‘1’ under
the jnverter for input [1 detects that the input ecnditior has been met and the ‘S’ under the latch for
state ¢ w1l set state ¢ when the transiticn occurs. The secend row perferms the ""reverse” transitian,

10
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or the resetting of the previous state. The '1' under the latch for state ¢ detects that state ¢ has been
set and the 'R’ under the latch for state B will reset state B wher the forward transition has been
camnpleted. Completing the operaticns of botk these rows ccastitutes a camplete transition.
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Figanre 42 A Simple Sel{~Timed Transition

A synchronous transitions are different from sel{<imed trarsitions in that they do not sense that
predecessor slales have been reset. [ gate delays are suffidently non—uniform, 2 machine construe—
ted in the esynchronovs manner would not function properly. Figure 4—-3 show the same section of
coctrol as it figure 4-2, implemerted esynchroncusly. \
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Figure 4=3: A Simple Asynmb_ronouﬁ Transition

Synchrencus transitions are implemented the same as asyrchronous trarsitions, with the excep—
tion that the state latches are replaced by clocked flip—{lops. This isillustrated iz figure 4~4.
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Figure 4—4: A Simple Synchronous Transition

The following discussion explains the ASSASSIN compilation of all the constructs described by
Hellaar [¢). Examples are drawn from the sample control—unit whese flow —graph is contained in
figure 2-3. The CUDL code for this control—unit is in figure 2—%. The complete PPL program fer this
exaraple is in figure 4-5. The various constructs being discussed contain portions of this PPL
pregrarm. Row segments are referred to frem left to right i a given row. Row and column numbers

11
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are as Jabeled in the figures.

Figure 4=6 illustrates the compilation of a move trazsition (from state A to state D). Rows 17
through 19 conteain the state latches, input gates and temporary gates. T 1 contairs 12 and not 13.”
T2 contaics "[4 or I5.” T3 indicates that the JOIN transition from states B and € to state F is cur—
rently being taken. T4 indicates that the NOVE transitior from state D to state P is being taken
Row 15 is the fcrward trarsition from state A tc state D. It senses that stete 4 is active by the ‘1’ in
column 1, that "BI1G" is false by the '0'ir columns 2 ard 3, and that state F is inactive by the '0’ in
column 22. Stete D is made active by the 'S’ ir eclume 17 and Lhe row load is the ‘P’ in column 11.
The reverse transition ir row 14 simply senses with the "I’ in cclumn 17 that state D is active and
resets state A with the ‘R’ in column 0.

Scale=of-two loops pose a particular problem. It is possible to get stuck in both states, with no
way to get out. Scale—of—two loops therefore require seme sort of mutual exclusion on transitions to
avoid this problemn. Figure 4=7 illustrates the ccmpilaticu-of a scale—ci—two loop. Row 5 contains
the forward transition from state D to state P. Note the 'C's in eolumrns 0 and 22 which detect the
predecessors to state D. The '+ 'in column 18 is used in gererating the outputs assocated with this
transition by driving T4 when the transition is i progress. The right segment on row 12 resets state
D afler the fcrward trapsiticn tc state P hes been finished Necte the ‘1’ in column 19 which senses
that input I8 has not yet beceme false. This gives the required mutual exdusion of input signals ir a
scale—cf—two loop. Row 4 coptains the forward transitico from state F to state D. The 0’ in column
19 detects the false state of input 16 and the other '0's detec. the inactivity of the possible predeces—
sors tc state P. Rew 4 cenlains the reverse tracsition essocated witk the trarsition from state P to
stated. The '0'ir cclumn 15 senses that icput 17 is c:zr‘ently false. o

Figure <—8 illustrates the FORK trarsilion from state 4 to slates B and ¢. Row 13 cantains the
forward FORK transition. It senses the state 4 is active, that state F is inactive and that input BIG is
true (the "1's in columns 2 and 3). 1t alsc sets both states 5 and €. Thé reverse FORK trausition is in
the left segment of row 12. It detects that both states B and ¢ have been activated and resets state A.

Figure 4—9 shows the JOIN trarsition from states B and ¢ tc state P. Row 9 implements the -
forward transitioo by sensing that the predecesser state (A) is inactive, states B and ¢ are active,
inputs 14, IS angd 16 are true, and by setting state 7. Tke '+ ' in column 14 is used for generating the -
outputs associated with the JOIN transitior from state €. The reverse transition is implemented in
row B where the activaticn of state P is detected and stetes B and ¢ are deactivated (reset).

Figure 4-10 shews the compilation ¢f the input boolezr expressien BIG ~11 ard ([2 ornot I3). The
leftmost row segments or rows 2C and 21 (I+ —i~Plarcd {= =P~0l respectively) compile the subexpres—
sion "IZ cr nct 13." The "= ' in columr 2 generate the OR of these two rows icto T1. [2 is sersed by
the *1' in colume 4 of row 2C and "not [3" is sensed by the 'C’in ccivmmn 5 of row 21. Te serse "BIG”,
the program must contain "1's ir beth eolumrs 2 and 2. Te serse "cot BIG” it must ceptain ‘0's in
beth columres 2 and 8.

Figure ¢—11 shows both conditional and vneernditicral output gereration from stetes and tran—
sitions. Row 22 implements the unconditional cuiputs centrolled by state . The ‘!' in coumn 1
senses that stale A is active. The '~ 's ir ecivumrs 6 and 13 implemernt the "HOLD 01,02"
statement, the 'S’ in column 17 implements the "RESET 03" statement and the ‘R' in column 10
implements the "SET 04" statement. The 'S'is used Lo reset a LATCHZ2 PPL cell and the ‘R’is used
to set it. Rows 24 ard 25 implement the conditicnal eutputs centrolled by stete B. Row 24 detects
the "14 or 158" ccrditic. and HOLDs 05 2and 02 and resets 04. Rcw 25 detects the 13" ccndition and
sets 03. The last row segment on row 20 (11—P S1) implements the unconditional cutput (03)
controlled by the JOIN trarsition from states B ard € tu P. Row 28 implements the "if BIG ther set
04" staternect {rom the JOIN transition iz stale C.
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Corapilation of the FORK Transition

Figure 4-8:

5.The Assassination of 2a Control Unit

This secticn illustrates the cocrplete design of 2 non—tivial state—machine. The control-unit to be

designed comes Irom the A da—lo-Silicor. Project underwey at the University of Utah. This project

has as one of its cbjectives the automatic trensformation of Ada programs intc hardware implemen—
tations using inlegrated drauits (5). The A da—te-Silicon project is using the Internet Protoca! (see
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Figure 4-11:

The Internet Protocol hes beer decompcsed into three communicating

hardw ere (and software) submedules [5]). Figure S~1 illustrates this division. The protoml consists

Postel [6]) as a test vehicle.

15
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of N INN _ IN submodules, each of which receives trarsmitled date and 2ssembles datagrams from a
single local area petwork, N INN._ OUT submodules, each of which apprepriately fragments and
transmits datagrams to a single local area netwerk, and 2 single INY _ §RY submodule thal interfaces
the N INK_ 0UT end N IN¥ _IN submodules to ope or more host computers. The complete A da eode
describing the INN._ 0UT submedule has beer written and compiled and willis presented in a
forthcoming report

hm., bn‘z gt

IS
ﬁ# =)
., suaging | ",

ired

{ RAX)

TR o | wocem

Figure 5—1: Internet Prctocol Herdware SL.bmcduJes

The INX_0UT submodule cf the [pterpet °rctocol hes been selected as the n:ut.ial test cese.
Preliminary Adz code ir the form of a complete tesk has been written and compiled. INE_ 0UT
consists of three separste tasks, Main, Read. Ipit_ Parameters and Tracslate_ TOS_ Table. Of
these, the bardware architectural design bas been ccmpleted for the Read.. init_ Parameters task.
Read_ Ircit. Parameters deals with the iritialization pareameters of IN¥ _ 0UT and loads various
registers witk cdata related to the transmission of datagrams thrcugh & local area network. Ii—
lustrated ic figure 5—3 is a block diagram of tke hardware implementation of this task. Professor Al
Davis perfcrmed the mapping of the irnitial version cf Ada code into a block dizagram. Several
modificaticrs have beer made since that time. The block marked "Read._ Init_ Pars —FSH" is the
coctrel—unit derived {rom the Ada code [or the Read_ Inil_ Parameters task. Figure 5S—2 contains
the Ada code for a secticn of Read  lnit_ Parameters. The complete code is fourd in A ppendix .

Figure 5= contains the control flow —grapk for the Read  Ipnit_ Parameters task as extracied from
the Ada program. [t should be noted that this particular flew —graph does not use the FORK and JOIN
transitions available jn CUDL. Indeed. FORK and JoIN will probably not be used in implementing
tasking, but may be used for more fine grained paralle}isrﬁ bzsed on data independency. Ade accept.
statements are translated intc request-acknowledge hundshakes with the appropriate meodule.
These are indjcated by the name of the accept (GO or SRV) concatenated with ".REQ” and ".A CK".
State RIPO is the initial state ¢f the machine and serds iritialization sigrals to several of the
datapath modules ic the environment of Read_ lrit_ Parameiers. Of particclar interest, the signal
INITNUM REG.LOD is held during this state. This sigroal indicates Lo the register helding the
initialization number to watch the associated three—wire bus 2pd assume ils value at all times
¥ hen this signal is dropped (in state R{P1), this register lalches the value on the bus. The first
accep't statement (“accept GO( ... ) ") is begun with the transitiocn from state RIPO to state RIP1.
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Figure 52 ADA Code for Read_. ipit_ Parameters

Note that the cendition for the transiticn includes. in additica to GO.REQ, INITNUM.REG DON and
INITNUM.CTR.DON. The machine cannot preceed until it is sure that the initialization number
register contaics the correct value and the assocdated counter has been reset. [n state RIP1, the
machine begins the second accept joop. W hen the SRV .REQ signal arrives, a transition is made to
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Figure 5-3: Block Diagram of Read_ Init_ Parameters
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state RIP2, where the counter is incremerted (indicating that another byte of address is to be trans—
mitled to the memory module), and e request—ackrowledge handsheake is performed between
READ_ INIT—- PARS and the memory module. The sigeel MEM .SEND indicates to the memary
that it is to receive data. W hen the courter bas been incremented JNITNUM.CTR.DON) and an
acknowledgement from the memory (M EKM A CK) have been received, a transiticn is made to siate
RIP2. State RIP2 terminates the bandshake with the INKM _ SRV module by asserting the signal
SRV.ACK. Once both SRV.REQ and MEN.ACK have been lowered, the output ¢f the comparator
between the ipitializatior counter and register is examired. One of the two transitiors from stele
RIP2 is executed based on the value of INITNUM.CMP.EQ. It INITNUN.CMP.EQ is on, the in—
itialization loop is terminated If it is off, the initialization locp is continued.

The memory module now has the complete address of the parameter block which needs to be
transmitted to INM_0UT. 3State RIP3 begins an interaction between the memory module and
Read_ Ipit . Parameters tha! loads a set of registers appropriately. The handshake with the
memory rodule is begun by holding MEM .REQ. At the same time, the register counter (which was
initialized to 7) is incremented (and is now 0). ¥ hen arn acknowledgement is received rem the
memory (N EM A CK), and the register ccunter is finished counting up by one, a transition is made to
state RIP< where the signal REG.DECODE.ENA signals the apprepriate latch e gate in the value
from the memory bus. MEM .REQ iz left on bere so that the valid data cn the memory bus does not
disappear before it can be Jatched. W ben the appropriate register signals that it has the data loaded
(REG.ACK), a transition is made to state RIPS. ¥ hen the memory acknowledges the termination of
a trecsmission ¢yde (net MEM.ACK), a comparator wilk the register counter is made Lo see if all
required registers have besn loaded (REG.CTR.EQ7?). If cet, the loop is repeat.ed' incrementing the
register counter each time. If so, a transition is made to state RIP6 and the processmg of the Type~ .
of-Service (TOS) L= Neis performed ) :

The type—of-se- -e table is to be & linear array of registers (or ram cells), mdexed by row Amd
column. Ircitially tnis indexing was done via a multiplicatior (in the A da eode). I\ was replaced with
a doubly nested loop tc make the hardware implementatior easier and more straightforward In
state RIP6, the type—ol—service column ccunter and type—cf—service address counter are incremen—
ted. They were icitialized (o their maximum value in slate RIPC. At the same time, & handshake
witk the memory module is begun (by raisirg ¥EM .REQ) ¥ hen the memecry has placed the data on
the line a2nd replied by uvsing MEM.ACK. and whea the two counters, TOS.COL.CTR and
TOS.ADR.CTR have been ircremented. a trarsiticn is made Lo state RIP7. Here the TOS table is
signalled to 10ad the value from the memory bus (TOS.REG.LOD). MEM .REQ is held high sc thai
the date cn the mermery bus remains valid. W ben the datz is in the TOS table, TOS.REG.DON is
asseried and the next stzte becomes R[P8 This state terminates the handshake with the memory
module. W hen the ackrowledgemert frem the memery arrives, if all ecolumns ir. the carrent TOS
table eniry have been processed, & tracsiticn is made te state RIPS to proceed to the nexl TOS table
entry. [ more columns in the entry need to be processed, the TOS.COL.CM P.EQ signal will be false
and the trapsition from state RIPE tc state RIP6 wil} be taker,

In state RIPY, the column coounter (TOS.COL.CTR) is cleared and the row counter
(TOS.ROVW .CTR) is incremented. ¥ her these two operaticns are complete, the next state becomes
RIPA where a check is performed to see of the entire TOS {able has been loaded. If it has not,
TOS.ROW.CMP.EQ will be false ecd the a tracsiticz ccours from state RIPA to state RIP6. 1f
TOS.ROW.CMP.EQ is true, the ovtput GO .ACK is asserted, terminating the "Accept GO ( ... )"
statemert. When GO.REQ is lowered, the next stete beccmes RIPO to begic over egain when
necessary. Figure 5—5 contairs the CUDL code fer the Kead_ [nit_ Parameters state machine.

The CUDL code it figure 5—5 was run through ASSASSIN. The code w as simulated to verify that it
matched the flow—graph: the associated PPL program w as then generated through cornpilation of the
CUDL code. Figure 56 contains a plot of the PPL program for the Read_ Init_ Parameters contraol.

20



AssassIN

ControtUnit ReadinmitParms:
Si1ateflachina RIP:

StartSiate RIPR: )
wovaocn GO_Req snd (InltNum_REG_DON and InitKum_CTR_OON) to RIPI;
hold InitNum_CTR_CLR, InitNua_RES_LDD, REG_CTR_MAX;
hold TOS_Col_CTR_MRX, T10S_Row_CTR_CLR, TDS_AOR_CTR_PAX;

end;

state RIPL:
movaon SRV _Req to RIP!A;
end;

state RIPIR:
moveon fIEM_Rek and InitRum_CTR_DON te RIPZ;
hola MEM_Req, NEN_Send, InitNue_CTR_INC;
set GCO_Responss;

and;

state RIP2:
moveon not SRY_Reg ard (not RER_Rck and InitNum_CHP_EQ) to RIP3;
moveon hot SRV_Reg and (not HER_Reck and not InmitNusm_CHP_EQ) te RIPL;
held SRY_Rek;

end;

ctate RIPI:
moveon NEN _Rex and Reg_CTR_DOX tc RIP4;
hold MEN_Reg, Reg_CTR_INC;

end;

state RIP&:
roveon Reg RCK to Rip$; : -
hold MER_Req, Reg_Decode_ENRA; ’
end; . ; R
state RIPS: -
moveon Reg_CTR_EQ7 and mot RER_Ack to RIPE;
moveor nol Reg CTR_EQ7 and net NMEM_Rex to RIP3;
end;

state RIPE: ' .
moveon NEfl_Rex and (TOS_Col CTR_DON ana YOS_Rdr_CTR_OON) to RIP7;
hola REM_Reg, TES_Col_CTR_IRC, T0S_Rdr_CTR_ING;

end;

state RIP7:
moveon TOS_Reg_DOX to RIPB;
hold TOS_Reg_LOD, MEM_Regq;

end;
state RIPS:
moveon not MEM_RBex and TOS_Col _CHP _EQ to RIPY;
meveon not HER_fecr and not TOS _Cc! _CHP_EQ te RIPG;
end;

s1ate RIPS:
ccveor TS5 Lol CTR_COMN and TCS_Rew CTR_DOR te RIPR;
held TOS_Col _CTR_MAX, TO0S_Row _CTR_INE;

end;

state RIPA:
mcveon not TGS _Row CHP_EQ to RIPS;
moveon mot GO_Req to RIPR; o
if TOS_Row _CRP_EQ then hold GO_Rck; . P« e o
end;
end;
end.

Figure 5-6: CUDL Code for Read_ Init_ Parammeters Coztrol

Figure 5=7 shows the composite layout.

The compilatior of the contro! unit took approximately 2 minutes of DEC~System 20 CPU time.
The resulting circuit is 2C28 microns by 180 micons (39 PPL oolumrs by 30 PPL rows using 6~
miccrn geometry). The dalapath related lo the Read.. Irit. Paramelers task cannot be layed cut
uwretil the relationship of some of the registers, which represent global veriables (with respect to
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Figure 5-6: PPL Program for Read_ Init_ Parameters Control
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Figure 5—7: Ccmpasite Layet! WX 09) fer Read— Init_ Parameters Control
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Reed. [nit_ Parameters), with cther associated control and datapath elements has been established.

6. Conclusions
A SSA SSIN demonstrates several significant points
1. Control car be specified at an abstract leve) and then eutomatically and eesily imple—
merted as an integrated circuil module. [t is possible to mep contrel specified at even
higher levels of abstractica te something A SSASSIN understands, thereby enabling us to
make progress toward a true silicon compiler. Such work is reportedin [11).

2. Seli-timed (or asynchronous) control—units with ecncurrency can be easily implemen—
ted. ASSASSIN shows that the control for self—timed machines can be designed with
relative ease. g

3. The successful use of Path—Programmable Legicin A $SA SSIN shows that PPL has great
.value as a drcuit implernectation technique, at Jeast for this type of control-urnit This
alsc shows that PPL is indeed amenable to the develecpment of sophisticated CAD tools
that use it as the underlying drouit implementaticn techrique

4. The mapping of Ada's rich set of control constructs is very straightferward as il=
lustreted by the generation of the control for the Read_ Init_ Parameters task.
A SSASSIN represents a step Jorward in the desigrn of integrated circuits by allowing
high )evel descriptions of ictegrated cdreuit modules te be automatically compiled to a
layout
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L The Syntax for ASSASSIN
The following is 2 BNF deseriptiorn of CUDL - the Control Unit Description Language. The fad-
lowing are to be used in understanding this descriptior: )

A
v
!

3 non-terminel symbol
B or more repetitions
= - is defined as

OR

..M
=
! ]

language terminals are indicated by uppercase

<control-unit> t= CONTROLUNIT <identifier> :
{<input-descriptor>{ <sm-list> END .

<identifier>

<letter> <id-tail>

«

<id-tail> 1= <letter> <id-tail> | <digit> <id-tail> |
<letter> | <gigit>
<input-descriptor> ¢t = INPUTS: <input-reduction-list>

{

<reduction-statement>
<input-reduction-list> |
. <raduction—statemgnt>

<input-reduction-list>:

<reduction-statement> 1= <identifier> := <conditioﬁ> :

<condition> ‘ = <term> OR <condition> 1-<térm>
<term> := <primary> i <primary> AND <term>
<primary> := <identifier> | (<condition>)
NOT <primary> | TRUE | FALSE
<sm-1list> := <sm-descriptor> l
<sm-Oescriptor> <sm-list>
<sm-descriptor> " 1= <sm-type> STATEMACHINE <identifier> :
<state-list> END ;
<sm-type> : = SELFTIMED | ASYNCHRONOUS | SYNCHRONOUS
<state-list> 1= <cstate-descriptor>

<state-descriptor> <state-list>

<state-descriptor> = STARTSTATE <state-name> :
<stztement-list> END ; |
STATE <state-name)> :
<statement-list> END

<state~name-list> t= <state-named> , <state-name-list>
{state-name>

<state-name> := <identifier>

<statement> ; <statement-list> |
<statement>

<statement-list> :

i

<gtatement> := <Ktransitiaon-statement> |
<action-statement>
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<transitipn~-statement>:= <transition-op> <transition>

<transition-o0p> :

<transition>

MOVEON | FORKON |
JOINS <state-name-list> ON

<condition> TD <state-name-list> ;|
<condition> TO <state-name-list>
DOING <action-statement-fist>

<actiom-statement-list>:= <action-statement)> {

BEGIN {<action-statement> ;] END

<action-statement> t= <action-op> <output-list>

<action-op>

<output-list>

<output-name>

<if-zction-statement>

HOLD | SET | RESET

<output-name> , <output-list> |
<putput-name>

Cidentifier> -

<if-action-statement> := IF <condition> THEN

II Ada Code for

<action-statement-list>;

the Read_ Init_ Parameters Task of the INM_ O UT Submodule

rate (lne_Dut_Medule)

sepa
task body Read_Init_Parameters is
-~ Becessed gliobals:
-~ number_of_lpcal_net_tyoes _of_service: cctet_type
~—~ locdl_net_type of_service_tabfe_row _size: octet_type
- tos_table: pctet_butter_type
~= Loecal varisble Secieration:
-~ The foltowing veriable is cozpanied out. Ii appeared only in the
-~ “high-level® used to rea2d in the YOS table. See below.
= number _of_tos_tabie_octets: integer range J .. max_tos_table_size - 14
octel_register: octet_type;
begin
loop
accept Bol
intt_num_Jormdl: bitd;
response: out out_regponsas)
do
response = Stnt_ok; -- Rleo means inmit_ok.

-~ [at trom the server 2|] of the addr_chunks needed to forp the
-- baze address in pemcry 1het holds the initiglization parameters
-~ and sends these chunks to the flemory module.

for index in l .. init_num_tformal
loop
eccept Srv_reaql == Gri next address
-= chunk from the
~= Server Nodule.
sorver_cobmand _datum: srv_copnand;
response _to_server: oyl out_response)
go
Hemory_request( -~ Put chunt out te
== the Hemory wodule.
requast_typs_tformal => load_address,
ehunk_of_sddress_tormat = > ssrver_comaanc_detum,
octei_tormat = > dont_care_octet);

end S5rv_raag;
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snd loop;

-= Get the § individual initisalization parametars (contained In the
= next 8 octets received) froe the Hemory Nodule.

for index In 1 .. 8 '

leop

flemory_reguest (

request_type_formal => recelve_datum_octet,
chunk _otf_addrags_formal => dont_care_X_dostum,
veiet_formal D> octer _register);
case index is
when | => Inr_max_packet.lo 1= octet_registar;
when 2 => Inn_max_packet.hli . i= octel_register;
when 3 =3 Ine_sdoress_longth 1= octet_ragister:
when 4 = > Ine_tima_out.lo 1= octei_ragixtery
wheon 5 => Inm_time_out.hl t= octet_reglstsr;
When b = > ack_type tx octet_reginter;
when 7 = > local_neti_type _of_service_table_rou_size
t= octet_register;
when 8 =D number_of_local_net_types_of_service
1E octet_register
end case}
end Ioop;

-~ Read in type of service translation table.

declare i
roW_number: integer range

.. number _o{_loecal _net_types _of Bervice;

col _number: integer range

o Io:ll_not_tgp._o'_l.tvic;_rbﬂ_lllog

indext intager range %
-+ number _of_local net_types_of ssrvice
¢ local_net_type _of_service_rou_size

LR 3 H
begin : ° )
rOM_number 1= @; -

Joop -- Duter loop reads ail rews o¢ TOS tabila.
col{ _number := B; .
foop == Ioner Joop reads in & row of YOS table.

Reeory_reauest N :
reouest_type_forma) =D receive_datum_osctet,’
chunk_of _acdress_formal = > dont_care_X_datus,
octet_formal = > tos_table(indux))}

col_number := col_number + {;

exit when col_number = local_net_type_of_service_row_size;

index := index + I3

Jt index > max_tog_table _size then

response = bad_srv_compand;
relurn; ~= Exi1t the current 8ccept statemsnt.
and ift; ;
end loop; ~=- End inner toop.

row_sumber : = rou_number + 1;
exit »hen row_number = number ot _types_of_servicej

end ioop; -~ End buter lo0op.
end; -~ End ceclare block.
end Go; . -~ End of init processing.
end loop; I -- End of guter-most (infinite)
’ ~= looep.

end Read_lmnit_Parameters;
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