Figurel: FSM extraction applications.

Boolean value a, then node g must be initialized to @ to avoid unit
delay oscillation. Furthermore, the initiaization of state nodes and
their related nodes hasto be done during the appropriate clock phases.
This makesthis technique very tedious and unsuitablefor automation.

Kam and Subrahmanyam [12] use Anamos [4] to produce a set of
network excitation functionsfor aswitch-level network. Theseexcita
tion functions are converted to a symbolic transition relation which is
then transformed by meansof afixed point computationtoyield atran-
sition relation for the phase-level responseof the network. Existential
quantification to hide the clock yields the cycle-level transition rela-
tion. The fixed point computation done in this method computesthe
steady state phase-level responseof anetwork. Our work showsthat a
symbolic simulator can compute the steady state phase-level response
of anetwork and do so much moreefficiently. Asthenumber of phases
increasein aclock cycle, the number of symbolic valuesintroduced to
compute the cycle-level transition relation increases. This can lead to
very large Ordered Binary Decision Diagrams (OBDDs) [2]. Alsofor
circuits like theonein figure 2, the fixed point computation will never
converge [11]. Anamos identifies s1 and q as charge storage nodes
and when Phil is 0, the circuit will not stabilize for similar initial
valueson sl and . Consider the symbolic values a on node s1 and
b on node q. After one unit step the values on nodess1 and q are b
and @. After one more unit step the values on nodess1 and q are a
andb. Thisunit delay oscillation will never cease and the circuit will
not convergeto astable state. Static latches play an important rolein
modern digital designs. Not being able to handle such structuresis a
serious limitation of the above approach.

Another disadvantage of the above approach is that clocks are not
factored in early enoughin the extraction process. Thiswill causethe
fixed point computation not to converge even if the circuit oscillates
only when the clocking constraints are violated [1].

The technique proposed in this paper does away with the disadvan-
tages of the earlier approaches without sacrificing efficiency. From
the transistor network a gate-level model is generated using Tranalyze



Figure 4: Exampleof acircuit implementing a FSM

Tranalyze analyzesthe componentsin rank order. In order to ensurea
rank ordering, Tranalyze breaksall zero delay cyclesby inserting unit
delayson someof thetransistors. Asan example, Tranalyzewill insert
aunit delay buffer to model the effect of thetrickle inverter in figure4.
It doesthisby asimple greedy algorithm during the topol ogical sorting
of the components. This greedy algorithm does not guarantee that a
minimum number of feedback loops are broken. While this can lead
to more state nodes than necessary, in practice the greedy algorithm
workswell. We have not encountered any sub-optimal cycle breaking
on any of the benchmarksthat we have run so far.

After rank ordering, Tranalyze performs a symbolic switch-level
analysisof each component. The analysisoperateson a4-valuedlogic
set {0,1,X,Z}. Theresultant gate-level model generated by Tranalyze
isasequentia circuit with azero delay combinational network and all
storage elements are represented by unit delay buffers.

Asan example, figure 5 showsthe gate-level netlist obtained for the
transistor network in figure 4. Tranalyzeinserts unit delay buffersD1
and D2 to model the effect of stored charge on nodestl and t2. The
third unit delay buffer D3 is used to break the zero delay cycle dueto
thetrickle inverter. Tranalyze automatically detectsthat stored charge
on nodes other than t1 and t2 does not affect the circuit operation.
These 3 unit delay buffers are the storage elements for the transistor
network.

The state nodesare a subset of the storage elements of the network.
The extraction algorithm, which is described in section 3.5, identifies
this subset along with the next-state and output functions.

3.3. Circuit Model

A circuit implementing a FSM has
Clock inputs: C1, Co, ..., Cy
Primary inputs.  Im, Ing, ..., In,,
Primary outputs: Oy, Oy, ..., Ox
State nodes: Sy, Sy, L



Figure5: Tranayze generated network from figure 4.

The first three are given as a part of the circuit definition. For a
complete definition of the clock, in addition to identifying the clock
inputs, the sequence of phases P1, P, ..., P; which make up a clock
cycle and the binary valuesof C'1, C», ..., C,, for each of these phases
must be specified.

The primary inputs and primary outputs are specified as follows.
In our example, the clock inputs to the circuit are Phil and Phi2.
One clock period contains four phases, P to Ps. To specify the
clock completely the clock input valuesfor al the four phasesmust be
specified.

Clock Input P P Ps Py
Phil o 1 0 O
Phi2 0O 0 o0 1

For each primary input the phases during which it is stable must
be specified. In the example above, the primary inputs must be stable
acrossthe falling edge of Phil. We specify thisas:

Primary Input P P P Py
Inl —  Stable  Stable
In2 —  Stable  Stable

Each row in the table above represents oneinput. Thisformat also
allows the specification of time multiplexed inputs. For example, if
node In1 were time multiplexed, with one input being applied during
phases 1 and 2 and the other during phase 4, this would be specified
by giving two rows for In1 as below:

Primary Input P, P, Ps Py
In1 Stable  Stable —
In1 — — Stable

For each primary output the phaseat the end of which the output is
valid, and therefore can be sampled, must be specified. In the circuit
in figure 4, the output isvalid at the end of Pa.

Prlmary OUtpUt P P Ps Py
Out Sample

Each row represents one output. Time multiplexed outputs can be
specified in the same way as time multiplexed inputs. The operation
of acircuit during aclock cycleismodeled as described in section 3.5.

3.4.  Symbolic Simulation

Symbolic simulation involves evaluating circuit behavior using
symbolic values to encode a range of circuit operating conditions
[6]. Our gate-level symbolic simulator operateson the ternary domain

v.H | v.L

X P Ol
e
= O

Table1: Dual rail encoding of {0,1,X} logic values.

Normal Mode | Oscillation Suppression Mode
N.H «— Ex.H N.H« NHvV EN.H
N.L «+ En.L N.L < N.LV En.L

Table2: Updating node N in a symbolic simulator.

{0,1,X} (the 4th value Z never arises on a state node). The simula-
tor encodes these 3 logic values by a pair of Boolean values. Each
logic valuev isrepresented by apair of Booleanvalues, v. H and v.L,
according to the encoding in table 1.

The encoding in table 1 is extended to operate on symbolic values
over the ternary domain. This is done by encoding each symbolic
ternary value by a pair of Boolean functions. The Boolean functions
are represented as OBDDs. Each node N in the network has a pair
of Boolean functions N.H and N.L, representing the current value
of the node. Roughly speaking, the function N.H (respectively N.L)
encodes the set of conditions that try to pull the node to a high (re-
spectively low) logic level. During simulation, inputs and storage
nodes can be set to symbolic values. Normally, inputs arerestricted to
Boolean values. To set an input In to a Boolean symbolic value vin,
the high rail of the node, In.H is set to the value vin, and the low rail
of the node, In.L, is set to the complementary value vin.

Each phase during simulation consists of a number of time steps.
In each time step, the simulator computes the excitation at node N
asapair of functions, Fx.H and Ew.L, to update the high and low
encodingsfor the node. During normal operation the nodesimply gets
updatedwith En.H and E'. L. A phasealso hasamaximum number
of time steps. If the network does not stabilize within this number of
time steps, the simulator enters an oscillation suppression mode. In
this mode, nodesthat do not stabilize are updated to the disjunction
of the high and low encodings for old node value and the excitation
value as shown in table 2. The effect of thisis to set circuit nodesto
symbolic valueswhich evaluateto X under unstable conditions. This
mode guarantees convergence within a fixed number of steps. Thus,
on each phase the simulator evaluatesthe steady state response of the
network.

At the end of the phase, the output and storage nodes can be ob-
served. Some applications require state nodes to be restricted to
Boolean values. In such applications, an X value on a state node
implies faulty operation. Our technique can identify all cases that
lead to such faulty operation. At the end of a phase, the conjunction
(N.H A N.L) represents the set of conditions that can lead to an X
valueonanode N.

3.5. Extraction Algorithm

The gate-level network generated by Tranalyze consists of zero
delay gatesand unit delay bufferswhich represent its storage el ements.
Let Sni, Sna, ..., Sn. be the nodes that are outputs of these storage
elements. The extraction algorithm consists of these steps.



1. For each node Sn;, introduce a boolean variable vsn; and set
the node to the symbolic value vsn ;.

2. For i« = 1to Number of clock phases:

(@) Set the clock inputsto the values corresponding to the sth
clock phase.

(b) For each primary input In;, introduce a boolean variable
in; and set the input to the symbolic value in; if the
specificationindicatesthat theinput valueisstablein phase
P;. If nothing is specified for the input in phase P;, set the
input to X.

(c) Simulate the circuit until it is stable. Oscillation suppres-
sion guaranteesthat it will stabilize.

(d) If the output node O; isspecified ashaving avalid valueat
the end of the :*™ clock phasethen set the output function
OF; to the symbolic value on node O ;.

3. Let Vp betheset of all Booleanvariables vsn ; representing state
values appearing in the support setsof O F'1, OF5, ... OFy.

Compute V; as shown below until V; = V;_1.

Vi = Vi_1 U { vsny | vsny isin support set of function for
somenode Sn;, wherevsn; € Vi_1}

When V; = V;_; the set of nodes Sn; corresponding to the
Boolean variables vsn; in V; are the true state nodes of the
circuit.

The set of Boolean functionson Sn ; at the end of the simulation
describe the next state (clock-level) function.

The oscillation suppression mode in the symbolic simulator allows
usto extract the FSM for oscillating circuitswherethe oscill ation never
appearson thecircuit output. Thisisan advantageover the fixed-point
computation of [12] which will not converge on such circuits.

3.6. Example

We illustrate some of the ideas in our extraction algorithm with
the help of the circuit in figure 4. Of course, as experimental results
show, we can deal with much larger circuits. Given atransistor-level
implementation of the circuit in figure 4, Tranalyzegeneratesthe gate-
level circuit shown in figure 5. This circuit contains three storage
nodes D1, D2 and D3. A subset of the set of storage nodes in the
circuit congtitute the set of state nodes. This subset depends on the
clocking strategy, the phase in which the inputs are applied and the
phasein which the outputs are observed.

Given the clocking and the 10 described in section 3.3, this circuit
has no state nodes. It is easy to seethis becausethe output sampled at
theend of the 4th phaseisafunction of only theinputsapplied at nodes
Inl and In2 during the falling edge of Phil. The output function in
thiscaseisOut = In1 A In2.

If the output is sampled at the end of the second phase instead of
the fourth, the circuit contains one state node D3. Thisis becausethe
value stored in the static latch shows up at the output. The output and
the next state functions are given below, where PS(D3) isthe present
state of state node D3 and NS(D3) isthe next state of D3.

Out = PS(D3)

NS(D3) = In1 A In2

If the output is sampled at the end of the second phase and the
clocks Phil and Phi2 are interchanged, then the circuit contains two
state nodes D1 and D2. In this case, the sampled output valueis a
function of the charge stored at nodesD1 and D2. The output and the
next state functionsin this case are:

Out = PS(D1) A PS(D2)

NS(D1) =Inl

NS(D2) = In2

4. Implementation

A specification language was defined to specify 10 and clocking of
acircuit. From circuit specificationsin this language and the storage
nodes in the circuit, the set of simulation patterns needed for FSM
extraction is generated.

A gate-level symbolic simulator devel oped at Carnegie Mellon Uni-
versity was modified to allow setting of storage nodes, sampling the
outputs and performing the iterative computation to identify the state
nodes.

Inorder to keep the OBDD sizessmall, afew genera principleswere
followed for manual ordering of the Boolean variables. Boolean vari-
ables corresponding to the primary inputs appeared above the Boolean
variables corresponding to state nodes. Among the primary inputs,
the variables corresponding to the control signals appeared above the
variables for the data signals. In some cases the Boolean variables
corresponding to the input nodes and the state nodes were interleaved
to get smaller OBDD sizes.

5. Experimental Results

5.1. Extraction Results

We have extracted the FSM for a number of different circuits and
the results are presented in tables 3 and 4.

For every circuit in tables 3 and 4, the second column (# Trans)
and the third column (# Node) give the number of transistors and the
number of nodesin the switch level network. The fourth column (#
Store) and the fifth column (# State) give the number of storage nodes
in the circuit and the number of state elementsin the extracted FSM.

Columns 6 and 7 give the space and time figuresfor our extraction
process. Column 6 (Max/FSM OBDD) gives the maximum number
of OBDD nodes created during the symbolic simulation, and the to-
tal number of OBDD nodes needed to represent the next state and
the output functions. The seventh column gives the FSM extraction
time in seconds. The times in this column have been measured on a
SparcStation 5 with 32MB memory.

In table 3 we compare the results of FSM extraction using our
techniquewith that presentedin [13] on anidentical set of benchmarks.
This table has two extra columns which contain the results reported
in [13]. In column eight (Z/N OBDD), the number corresponding to
Z isthe number of OBDD nodes required to represent the step-level
transition relation for the circuits. In the same column, the number
correspondingto N isthe number of OBDD nodesrequiredto represent
the cycle-level transition relation. The last column is the extraction
time for the circuitsin seconds measured on a DECstation 5000/240.

Table 4 shows the extraction results for different sizes of a Mead-
Conway style moving data stack [15] with acombinational controller



Circuit Extraction Results Results from [13]
Circuit # # # # Max/FSM Ext ZIN Ext
‘ Trans ‘ Node ‘ Store | State ‘ OBDD Time OBDD Time
[ seradd [ 38 [ 24 ] 4 [ 1 [ 10012 [ 01 [ 127725 [ 02 ]
sermultl 60 35 8 3 14778 0.2 6977111 2.8
sermult2 76 43 12 5 151711 0.3 9457191 3.7
sermult4 108 59 20 9 159/15 0.4 14417351 5.2
sermult8 171 91 36 17 17523 0.7 2733767 9.4
sermultl6 | 298 155 63 33 207739 14 44171311 17.0
adder1 38 25 2 0 1276 0.1 168/30 0.4
adder2 74 45 4 0 162/15 0.2 417/57 17
adder4 146 85 8 0 295/42 0.6 915/111 9.0
adder6 218 125 12 0 512/81 11 14137165 36.5
adder8 290 165 16 0 8137132 17 1911/219 122
accuml 36 24 4 1 133/6 0.2 246143 0.6
accum?2 72 43 8 2 174719 0.3 586/84 2.8
accum4 144 81 16 4 349757 0.9 1266/166 158
accume 216 119 24 6 7017135 1.7 1946/248 52.9
accum8 288 157 32 8 10717173 24 2626/330 219
shift2 16 13 4 1 11772 0.1 69718 0.1
shift8 64 37 16 7 129/8 0.4 291/78 0.4
shift8*2 128 70 32 14 146716 0.7 5897155 11
shiftl6 128 69 32 15 145716 0.7 5877158 0.9
shift32 256 133 64 31 177732 1.3 1179/318 25
shift32*4 | 1024 | 520 256 124 3727128 53 701471517 30.7
shift32*8 | 2048 | 1036 | 512 248 632/256 10.6 14038/3033 | 94.1

Table3: Extractionresu

Circuit Size Metrics Extraction Results

Circuit # # # # Max/FSM Ext
‘ Trans ‘ Node ‘ Store | State OBDD time

stack16 198 106 32 16 322/51 15
stack32 326 170 64 32 530/99 31
stack64 528 298 128 64 946/195 6.4
stack128 1094 554 256 128 17787387 14.8
stack256 2118 1066 512 256 3442]771 421
stack512 4166 | 2090 | 1024 512 6770/1539 1719
sram16 244 110 21 16 1188/140 6.0
sram32 362 148 37 32 2722/316 11.7
sramb4 692 274 73 64 6522/700 236
sram128 1126 412 137 128 15014/1532 575
sram256 2176 790 273 256 34370/3324 119.8
sramb512 3826 | 1320 | 529 512 76738/7164 260.2
stam1024 | 7476 | 2586 | 1057 | 1024 | 173144/15340 |528.0
[ wPCutlr 15926 [ 1017 [ 87 [ 8 | 9713271325 [ 49.6

Table 4: Extraction results from stack, SRAM and microprocessor
controller.

and for different sizes of a static RAM circuit. Thelast benchmark is
the micro-coded control circuit from the Hector Microprocessor [16].

5.2. Discussion of Results

All circuit nodes in a switch-level circuit (column 3) are potential
state nodes. After processing by Tranalyze, the resultant gate-level
representation containsfar fewer storage nodes(column 4). Given the
circuit clockingand 10 behavior, the FSM extractor eliminatesmany of
these storage nodesto yield asmall number of state nodes (column 5).
Thus, thefinal representation of thecircuit isamuch simplified version
of theinitia transistor netlist. For example, the Hector microprocessor
controller (table 4, last row) contains 1017 nodes in the extracted
transistor netlist. The Tranalyze, generated gate-level netlist contains
87 storage elements. After the FSM extraction is done, only 8 state
nodes remain in the clock-level FSM representation. In table 4, for
the various memory circuits, the number of state nodes in the FSM

Its on benchmarksfrom [13]

representation reduces to the number of memory bits.

Table 3 aso compares the results reported in [13] (columns 8,9)
with the results obtained from our extractor (columns6,7) onthe same
set of benchmarks. In most benchmarks, our extraction times! and
the number of OBDD nodesgenerated in our extraction processare at
least an order of magnitude smaller than the figures reported in [13].
The reasonsfor thisimprovement are explained below.

Representing the unit step transition relation, Z, requiresvery large
OBDDs. Thisisbecausetherelation must encodeevery possiblemode
of circuit operation. It does not take advantage of any circuit-specific
information that may be available e.g., that clocks do not overlap, that
they occur in a specific sequence or that in precharged circuits the
precharge phase always occurs before the evaluate phase. Symbolic
simulation takes advantage of such circuit-specific information and
this results in smaller OBDD sizes and smaller extraction times. As
can beseen from thetable, the maximum OBDD size generated during
symbolic simulation of acomplete clock cycleismuch smaller thanthe
OBDD sizerequired to represent just the unit step transition relation.
In the benchmarks the number of OBDD nodes required to represent
the FSM in terms of its next state and output functions is awaysless
than the number of OBDD nodesrequired to represent the cycle level
transition relation.

The moving data stack in table 4 shows a linear increase in the
maximum OBDD size and the number of OBDD nodes required for
the next state and output function with increasing circuit size. The
number of state nodesis half the number of storage nodes. In case of
SRAM, the OBDD size and the extraction time increase linearly with
the circuit size.

1The extraction time in [13] and our work have been measured on two different ma-
chines, But, roughly speaking, these have similar performance.



6. Further Work

If astate node hasa symbolic ternary value during the computation
of V;, the extraction processis halted with an error. Theternary value
indicates that a state node can also take on the unknown value X for
certain combinations of input and initial state values. The presence
of X’sindicates an inconsistent combination of state and input values
which can arise because of faulty circuit structures or non-optimal
cycle breaking. Becausean X at a state node is treated as an error
condition, we are unable to deal with don’t cares at the inputs or
constraints between state node valuesin acircuit.

A solution to non-optimal cycle breaking is symbolic trajectory
evauation (STE) [7] whichisamodified form of symbolic simulation.
In STE nodescan be asserted to symbolic valuesand as the smulation
proceeds, the circuit state is updated subject to the constraints of the
node assertions. In this process a Boolean function called OKT is
computed. This function indicates the cases for which the circuit
is not over-constrained by the assertions. For example, if the input
and the output of an inverter are asserted respectively to the symbolic
Boolean values a and b, the circuit will be over constrained for cases
where a = b, and the function OKT will bea @& b. When STE is
used to extract a FSM from acircuit with non-optimal cycle breaking,
OKT canindicate the constraint under which the extracted FSM must
operate. OKT can be considered as an auxiliary output of the FSM
which, if true, indicatesthat the FSM is operating correctly.

An example of a state node constraint is the use of one-hot state
logic where, for correct operation, the circuit must always satisfy the
constraint that in a given set of state nodes only oneis high at atime.
We can not easily express such constraintsin our present framework.
A possiblesolutionto thisaswell asdon’t caresat theinputsisthe use
of parametrized symbolic simulation [10].

7. Conclusion

This work has described a new technique to extract a clock-level
FSM from a transistor netlist. It has shown that symbolic simulation
is a powerful tool to extract FSMs from transistor netlists and it has
demonstrated the feasibility of the technique empirically. This tech-
nique is efficient and on many circuits it scales well with increasing
circuit size. On many benchmarksit takesat least an order of magni-
tude lesstime and space than computing the transition relation through
fixed point computation. It can handle awide range of circuit designs
including static storage structures and time multiplexed inputs. This
is an advance over earlier approaches which are incapable of han-
dling static storage structures. The extraction process is completely
automated and it requires minimal information about the circuit. A
limitation of the approach is the non-optimal cycle breaking by Tran-
alyze, but in practice it has caused no problems on a wide range of
circuits. The main contribution of this work has been to develop a
new FSM extraction technique based on symbolic simulation. It has
brought out issuesin the extraction processincluding somelimitations
of the approach.
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