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Abstract—Symbolic methods for analog circuit analysis and based representation. Taking the advantage of data steuctu
modeling have been well studied. However, little is known on sharing offered by BDD, the tree-pair enumeration requingd
how to create symbolic models incrementally while a circuit the two-graph method is reformulated into a form of graph-

topology is being modified. This paper proposes an incremeat . . . . . L
symbolic construction method applicable to incremental aicuit pair reduction, which processes a linearized circuit efeme

t0p0|ogy Change based on a previous|y deve|0ped data struce wise. Given an arb|trary |Ineal’ circuit element, two dE!]ﬂIS
called GPDD (graph-pair decision diagram). An incremental are made: one substituting the element by a nullor, which is
GPDD algorithm (iGPDD) is proposed. It is demonstrated exper- equivalent to letting the element symbol take infinity while
imentally that with proper symbol ordering the iGPDD method iha other substituting the element byzero element, whose
outperforms the restarted GPDD construction method. - . . . . "

Index Terms—Binary decision diagram (BDD), graph-pair M€aning W|_II be explained. Whlle a pair of graphs is reduced
decision diagram (GPDD), incremental construction, infinfe DY edge-pairs, all common pairs of sub-graphs are shared and
symbol, symbol ordering. saved in a BDD. During graph-pair reduction, each collagsin
of edge-pair is associated with a sign, which is stored wtith t
|. INTRODUCTION decision arrows in the GPDD [5].

Over half a century symbolic circuit analysis has been When all possible graph-pair reduction paths are exhausted

studied mainly for behavioral modeling and design insigh . - . :
[1]-[3]. The introduction of binary decision diagram (BDD).SSdata structure as illustrated in Fig. 1 will be created,clvhi

. ) L7 . . ’is called a GPDD. In a GPDD, all passive RLC elements
to symbolic analysis of analog circuits has made it posgible

. . : ppear in admittance form for manipulation, while all the
build faster and more compact symbolic representations [4i st dependent elements have their gaifis Fi, Gy, and

[6]. H;, manipulated as the s [
. N . . . ymbols. Depending on the element
Analpg mtegrate_d circuit design H?USt deallwnh a varie kes, a If)set of binary graph-edge rezuction rules have been
of design goals _swn_ultaneously. It is s_o_metlmes Necessqablished in [5]. Whenever a pair of graphs is reduced into
to change the circuit topology for realizing certain desig pair of single nodes, the reduction path is completed and

goals. Traditionally, the de&gngrg would start from Cm@s. terminated at th®©nevertex, while all the rest non-completed
a topology template, then modifying the template by addin duction paths are terminated at ®erovertex. By scanning

or subtracting certain substructures in hope of achievivgg ta path from the GPDD root to the terminal vert®ne a

design goals. Itis highly desirable to develop a Compm'zsymbolic product terms is generated by collecting all sylsbo

teoffoc:rg :ruet?;nreelre rseucgrtteo dpi?]kzgg:ﬁ:;);ﬂ?;a;fgé T?g\:evecrk:fu and signs encountered along the path, excluding those dgmbo
yrep P from which adashedarrow emanates. More details on the

work [7] ‘.Nh'Ch proposc_ed a _sym.bollc 5|gngl-flow .meth_od fo PDD data structure can be found in [5].
systematically comparing circuit topologies to identifyet
performance differences.

This paper presents an incremental symbolic construction
method for analog circuits by the means of Graph-Pair Deci-
sion Diagram (GPDD) representation explained in Section Il
In Section Il a symbol reordering strategy is presented for
more compact GPDD representation when multiple elements
are inserted successively. Preliminary experimentalltesue
presented in Section IV with a conclusion made in Section V.

II. INCREMENTAL CONSTRUCTIONALGORITHM
A. Review on GPDD

The GPDD algorithm developed in [5] is a result of reformu-
lating the two-graph algorithm [1] by incorporating a BDD-

*This research was supported by the Natural Science FoondatiChina )
(NSFC Grant No. 61176129). Fig. 1. GPDD example.



A GPDD is a bottom-up recursive computation data strugissing in a path, the path must be terminated by a solid arrow
ture that performsnultiplication by a solid andadditionby a to zero as well. Similarly, ifX = 0 (called zero symbql
dashedarrow. The computation starts from the two terminghe GPDD can be simplified by keeping tldashedarrow
vertices One and Zero), and steps upward until the root isemanating from the< vertices while terminating at zero all
reached. The input-output (I/O) transfer function of a witc the solid arrows from the verticed(;. In case the symbol
is symbolized by a dependent source in GPDD and represenféds missing in a path, that path remains unchanged. The
by a special symbokK, which always appears at the GPDDcost of such operations is no more tha(/GPDD]|), where
root. The GPDD recursion would generate a sum-of-prodyétPDD| denotes the size of a created GPDD.

(SOP) expression at the GPDD root. For the example GPDDThe incremental symbolic construction algorithm is intu-
shown in Fig. 1 we get the followingignedSOP expression itively a reversed process of the above GPDD simplification

XFGl(E — 1) — G1G3(E — 1) + G3G4 — O7 (1) procedure.

which must be equal to zero according to the theory esta%'— ) ) _ )
lished in [5]. The terms in this expression can be divided We shall develop an element insertion procedure in this
into two parts: those multiplied by and those not. This section by considering the insertion of a sin@laéype element
fact has an interesting circuit interpretation which does nfirst. The insertions of other element types can be performed
come with other symbolic methods. Those terms multiplidn@logously.

by X is actually an SOP representation for the circuit when Suppose we would like to insert an eleméhinto a circuit
the X element is replaced byraullor. On the other hand, thoseat & selected porfa, b). The port(a, b) could be existing or
terms not multiplied byX is an SOP for the circuit with th& ~ created by tearing a node apart. The insertion procedure is
element set to zero. The detailed branch operation for nyakifotivated by the following intuitive discussion: Suppose t

an element zero depends on the element type, which will gLementG exists in the circuit and_ a GPDD has been created
explained a little later. A symbolic expression fofX is then With the G-symbol ordered the first, the 1/O symbol X the
derived by dividing these two parts [5]. second, and so on. Shown in Fig. 2 is the top part of such a

The above statement leads to the following proposition: GPDD.

Proposition 1: Suppose a circuit has an arbitrary two-port
elementK of type E, F, G, or H, which might degenerate to
one-port. The symbolic product terms of this circuit invlv
two parts: all terms in one part are multiplied By while
all terms in the rest are not multiplied biy. Those terms in
the first part (after removind<) can be generated from the
original circuit by replacing thé< element by a nullor. Those
terms in the second part can be generated by settings<the
element to zero.

By setting an elemenk to zero, it means that the branches Fig9- 2. GPDD with the symbo; at the root. Thes;’s are signs.
associated with the element in the circuit are operated in
accordance to the element typgj, (open VC; short VB
Fy (short CC, open C8§ Gy (open VC; open CS and Hy
(short CC; short V§ where the subscript ‘0’ indicates the zero
element of that element type. The listed branch operatioms a
justified in [5].

We point out that setting a symbol value tofinity or
zero can be used to alter the circuit topology, whereas the
corresponding symbolic expression can be derived simply by
slightly modifying the existing GPDD structure. This obser
tion is fundamental to our incremental construction ami. iy 3 GPDPD with the symbak moved to the root after swapping and

Suppose a GPDD has been created involving synibol x.

Multiple GPDD vertices could be associated to the same

symbol K (see Fig. 1). For convenience we use subscriptLet the symbolic function at the roda¥ be f. We denote
indexed symbols to differentiate the multiple verticeshrsas the two functions at the twd{ vertices f|g=oo and f|e=o
K;,i=1,2,--- ,mg, wherem is the multiplicity of symbol respectively forX pointed by the solid arrow emanating from
K. G and the dashed arrow frodd. We consider the following

If we let K = o (calledinfinite symbd), the GPDD can two cases:(i) If G is inserted by tearing a node, then the
be simplified by keeping theolid arrow emanating from all reduced circuit associated tf|c—~, becomes the original
K vertices while terminating at zero all thdashedarrows circuit because the split apart nodes are merged againlf
emanating from the vertice&’;. In case the symboK is G is inserted by connecting to a pdit, b), then the reduced
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circuit at fo—o becomes the original circuit because the port If multiple circuit elements need to be added to a circuit,
is restored. the abovaeGPDD algorithm is invoked for multiple times.
Thinking reversely, if a GPDD for a circuit has been created Il SYMBOL REORDERING
before the insertion ofz. Then, if G is inserted by tearing a '
node apart, then the subGPDD fit;—.. (see the left framed In our initial implementation of théGPDD algorithm, we
part in Fig. 2) can be reused (i.e., need not be reconstiuctedways place the newly inserted symbol at the GPDD root,
We only need to construct the other subGPDDfat, (see which results in a symbol order specified by the insertion
the right framed part in Fig. 2), which corresponds to a dgrcorder. Such an arbitrary order might lead to a large GPDD
with the selected node torn apart (open port). The secorel c¥€, because the GPDD size in general is highly sensitive to
for insertingG at an existing porta, b) is symmetric to the the chosen symbol order. In practice, it is suggested totadop
first case in that the right framed subGPDD in Fig. 2 ca® heuristic order as recommended in [5]. In the initial \ansi
be reused while the left framed subGPDD needs to be nevlfiGPDD we adopted a strategy callegmbol order sifting
created with the selected port shorted. whenever a new element is inserted.
By constructing the complementary subGPDD as mentionedSUpPposelV; and W, are two neighboring symbols in a
above, the GPDD for the increased circuit can be assembfeéfDD. Swapping the symbolg/; and I, can be written
as shown in Fig. 2 with the symbdt still at the root. If we DY the following arithmetic expressions which hold trivyal
want to move theX symbol to the root (for the convenienc@ssuming all signs are absorbed by i#{g functions)

in GPDD evaluation etc.), we may swap the symbGlsind frop = Wi[Waf(A) + f(B)] + [Waf(C) + f(D)]
X to get a GPDD shown in Fig. 3. Along with the swapping, B
the arrow signs have to be modified accordingly meanwhile = Wa[Wif(4) + F(O)] + W1 f(B) + f(D)).

the two vertices marked “B” and “C” are switched. It is easyVe see clearly that the factors ¢fB) and f(C) have been
to verify that the two GPDDs shown in Figs. 2 and 3 arswitched in the above two expressions.

()

equivalent. Two special cases must be considered for the sake of
The incremental symbolic construction algorithm is nownplementation. Due to theero-suppressiom GPDD com-
summarized. paction, some vertices connectedzero by solid arrows can
) i be suppressed (removed) from GPDD [5]. The two cases are
Incremental GPDD (iGPDD) Algorithm: illustrated in Fig 4, whose equivalences are obvious.

Input: A circuit ckt with specified 1/0 (denoted by symbol

X). Select a port to insert a new elemdiitin ckt (W) (W)
without changing the 1/O. Let thekt be represented —

by graphg. Suppose a GPDD for the graghhas
been created. e o @ o e @

Output: A new GPDD for ckt with the new elementk
inserted. (@)
Step 1. Create a graph, for the case where the insertion

(W)

port is connected by a nullor; create another gréph G @ "

for the case where the port is substituted by tbeo- g

element of E, F, G, or H-type. (Note that connecting 0 @ 0 |Z| @ @
a nullor to a one-port is equivalent to short-circuiting (b)
that port.) _ _ o .

Step 2. Check whethei. or Gy is dentical to the existing o, Shec cases of ymbol swaping: () Cast s e suppressed
graphg. If identical, reuse the existing GPDD forsuppressed following the dashed arrow fréf before swapping.
composing the new GPDD.

Step 3. Create a GPDD for the gragh, or Gy unequal to ~ We point out that swapping two neighboring symbols only
G while using the existing hash table for sharing. laffects the GPDD connection between two neighboring layers
case bothG,, and G, are unequal tqj, we create with the swapped symbols without changing the rest GPDD
two GPDDs for them by sharing the existing hasktructure. Hence, the runtime overhead of swapping is not
table. serious.

Step 4. Suppose the elemdiithas been inserted in thekt Successively swapping multiple symbols is calgfting, a
Reduce the graph once by the elemétitto fix procedure proposed by Rudell for ordered BDD implemen-
the two arrow signss; and sy in Fig. 2 (with G tation [8]. The basic idea of sifting goes as follows: Pick a
replaced byK). Keep the rest of the GPDD arrowsymbol in BDD, sift it downward or upward until a relatively
signs emanating fronX'’s. small BDD results.

Step 5. Swap the symbol& and X as shown in Fig. 3  Since iniGPDD we always place the newly inserted symbol
(with G replaced byK) by modifying the signs at the GPDD root, only downward sifting is necessary until a
accordingly. relatively small GPDD is obtained.
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IV. EXPERIMENTAL RESULTS L
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A simple RC integrator is shown in Fig 5 (on the left) Wy MW MWy
together with a macromodel for the operational amplifier vin -
(opamp) (on the right). We successively add the circuit ele- Wy MW vout

_|
ments in the macromodel to test the efficiency of incremental -I- -I' I
construction. The macromodel elements are the finite gain =
Egqin, the buffer gainfy, r, the input and output resistances _ N
R;, and R,,:, and Rpl and Cpl deflnlng a poIe, They are Elr%ufti The bandpass filter containing three opamps for tlwersk test
inserted incrementally in the written sequence.

11 from a heuristic ordering. This result is used for comparitn
- the other two tests listed in the next two rows. The incremlent
construction without sifting (the 2nd row) takes less tirhart

 Vout s R:ﬂ ?ﬁm that with sifting (the 3rd row), but the GPDD size is much
IN} Yo L Yo __-="ouT larger as expected.

Lo~ TABLE Il
COMPARISON OF INCREMENTAL CONSTRUCTION WITH SIFTING

R2

Vin

Fig. 5. RC integrator for testing the incremental algorithm

Test case GPDD size  Total time (ms)
) ) ) ) Non-incremental w. pre-order 160 31.00
The CPU time for insertion and the GPDD size growth Incremental w/o sifting 2141 1042.70
are listed in Table I. The insertion of each symbol takes a ___Incremental with sifting 326 1334.30

small amount of time, but the time grows as more symbols
are inserted. The accumulated incremental constructioge ti

is 1,522 us. For comparison, we also measured the non-
incremental construction time by creating a GPDD includingP

V. CONCLUSION

An incremental symbolic method for tracing analog circuit
pology modification has been proposed. The algorithm has
een developed as a simple extension of the existing GPDD
ﬁlgorithm developed for topological analog network anialys

all macromodel symbols with the same symbol order;
took 1,736us with the GPDD size 21. Because this circui

is small, the incremental construction outperforms the-noB King the ad ¢ a distinauished db
incremental construction. For large circuits, a complereaf DY t8king the advantage of a distinguished property owned by

all incremental constructions for inserting a set\dfelements GPDbDI namélgbag cwcuc;t elements iare gwectly manlp;dziie)DD
would normally be slower than one run of GPDD constructioy "'PO'S N madifying an already constructe

by including theN elements altogether, but faster tharuns data structure to trace incremental circuit topology cleang
of restarted GPDD constructions is a feasible technigue. In the future we shall investigate

other better insertion strategies by approaches such aslarod

TABLE | insertion to improve the efficiency and interactiveness.

INCREMENTAL INSERTION RESULTS FOR THERC INTEGRATOR.
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