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Incorporating Interconnect, Register, and Clock
Distribution Delays into the Retiming Process

Tolga SoyataMember, IEEE Eby G. FriedmanSenior Member, IEEEand James H. Mulligan, Jr.

Abstract—A retiming algorithm is presented which includes Both register and interconnect delays are similar in magni-
the effects of variable register, clock distribution, and inter- tyde to the delay of the logic elements. Also, variations in
connect delays. These delay components are incorporated into o|ock delay between widely separated registers may create

the retiming process by assigning register electrical character- . . o .
istics (REC’s) to each edge in the graph representation of a clock skews which can drastically affect circuit operation.

synchronous circuit. A matrix, called the sequential adjacency Undesirable clock skew can produce a net negative delay
matrix (SAM), is presented that contains all path delays. Timing within a local data path. This implies the existence of a race

constraints for each data path are derived from this matrix. condition, which must be avoided as a condition imposed on
Vertex lags are assigned ranges rather than single values as inthe retiming process

existing retiming algorithms. The approach used in the proposed | t retimi lqorith d to dat ist
algorithm is to initialize these ranges with unbounded values n most retiming algonthms proposed to aate, registers are

and to continuously tighten these ranges using localized timing @ssumed to have zero delay (e.g., [1], [2]) or equal delay
constraints until an optimal solution is obtained. A branch and (e.g., [3]). In [3], the setup(t;) and hold (t,) times are
bound method is offered for the general retiming problem where nonzero constant values, creating an effective clock period of
the REC values are arbitrary. Certain monotonicity constraints Tpp +ts+tp, whereTpp is the worst case path delay of the

can be placed on the REC values to permit the use of standard h ircuit. Si tant ister del d
linear programming methods, thereby requiring significantly less Synchronous circuit. since constantregister delays are assume

computational time. These conditions and the feasibility of their throughout the circuitt; + ¢, is added to each individual local
application to practical circuits are presented. The algorithm is data path, biasing the clock period by this amount. However,
demonstrated on modified benchmark circuits and both increased this simple summation is not sufficiently accurate since each
clock frequencies and the elimination of all race conditions are local data path typically has a different register delay.
observed. Integrating clock skew into the retiming process was first
Index Terms—(;lock distribution networks,. C!OCk Scheduling, proposed in [4] and [5] The authors of this paper Origina”y
clock skew, clocking, interconnect delay, retiming. introduced the strategy of integrating clock skew and variable
register delays into retiming by attaching electrical information
|. INTRODUCTION describing the register to the edges of the graph representing

ETIMING is a sequential optimization technique useérIe synphronous glrcur[ [6]. Thege FJeIay par:amgters.are nglned
. .~ ~as register electrical characteristics (REC'’s) in this original
to increase the clock frequency of synchronous circuits . . :
. . . - . S work and are adhered to herein. Following this work, the
by relocating the registers in the circuit while maintaining the

original function and latency of the system. Earlier retimin'ntegraItlon of clock skew into retiming was discussed in

. . ’ . T7]. In this paper, constraints are placed on the clock skew
algorithms have assumed ideal conditions for the nonlogi : : ;
: - . . permit the use of standard linear programming methods.
portion of the data paths, specifically ignoring the temporg] " : . .
- ; : riable register and interconnect delays were not considered.
characteristics of the registers, the interconnect, and the clqgc . A :
n [8], a branch and bound algorithm is briefly introduced to

distribution network. The authors are unaware of any retimin - . S .
y s%lve the general retiming problem while considering variable

algorithms that consider variable register, clock distribution, ) .
. . . . nonzero clock skew and register and interconnect delays and
and interconnect delays. Without including these delay compo- . . e
S explained in greater detail in [9]. In general, there has been

nents, existing retiming algorithms are not sufficiently accurate L . . 4 )
growing interest in making retiming into a more practical

. . . . a,
for their use in the development of practical high speeatlzlnd useful design methodology, as evidenced by [1]-{11]

circuits. For this reason, clock distribution, variable register, S 270 )
. : . -~ The synchronous circuit optimization problem is approached
and interconnect delays must be integrated into the retlmlnnq . ]
I Ith|s paper as a two-step process:

process in order to ensure that retiming becomes a practical A T
and useful design methodology. 1) optimization of the clock distribution network by buffer

insertion and clock tree synthesis to meet a specified
clock skew schedule [12]-[15];
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manifests itself in many practically applied algorithms, sinceith the additional electrical delay information are described
optimality is sacrificed to prevent excessive computationad Section VII. Results of applying the proposed algorithm
times in existing algorithms. Ishiet al. published research RETSAMto benchmark circuits are presented in Section VIII
results in simultaneous retiming and clock tuning [2]. Ishi#nd some conclusions are drawn in Section I1X. A strategy for
et. al. report anO(V'!!) algorithm to perform simultaneousestimating the clock delays is presented in Appendix A. In
retiming and clock tuning and comment that this problefAppendix B, the derivation of the monotonicity constraints is
is far too complicated to be practical unless optimality iprovided.

sacrificed. They present a suboptim@(V?>(1/e)lg(1/e) +

(VE + V2gV)ig(V/e)) algorithm which calculates the re- Il. BACKGROUND AND DEFINITIONS

timing result with ¢% accuracy, where is a user-selected

error factor [2]. In this paper, the following methodology is 1 N€ absolute delay of the clock signal from the global
assumed: clock skew scheduling followed by retiming. clock source to a specific register (or memory element) is

A retiming algorithm is presented in this paper Whicttnhe clock r:jela?/ aI?d ils de?oted adcp. 'The d'iffetLen(i:(e
incorporates variable register and interconnect delays atﬁtatween the clock delay of any two registers is tiec

nonzero localized clock skew. Either rising edge or fallin Kew be_:tween these reglste_rs, den_ote(_ﬂggw._ The ”9“0”
é localized clock skewand its application to increasing the

edge triggered D flip flops and a single phase clock a T ;
assumed throughout the synchronous digital circuit. To a ock frequency within pipelined systems was introduced by

complish the integration of variable clock distribution, in_Friedman and Mulligan in [17]. They show that only the

terconnect, and register delays into the retiming processC|8Ck skew betweeaequentially adjacent registergregisters
t receive information at successive clock intervals and are

path between logic elements is defined in this paper as Her directl q d by logic el .
traversal from weighted edge to weighted edge, an edgé er directly connected or connected by logic elements) is

being interpreted as a connection between logic eleme {gtnlflcanttm p|pel|necti.slyl/ster(;1.s. Kactal dat&; path_llf] folrmetljd ¢
containing zero, one, or more registers. With this definitio etween two sequentially adjacent registers. 1nhe jocal data

clock, register, and interconnect delays are assigned to e @ﬁh with the greatest delay is tieitical data path, whose

edge. Thus, as registers are shifted from edge to edge, diffe y defines the minimum clock period of the circuit,

clock skews and register delays are considered in each o he definition of sequential adjgcencylls extended in this
aper to edges on a grapBequentially adjacent edgesre

the local path delays. This permits both maximum clock . ) .
periods and race conditions to be detected on a path- ose edges that are connected via a fully combinatorial path.
e last register of the initial edge and the first register of the

path basis. Estimates of register delays on zero weight ed _ _ :
(i.e., interconnections between logic elements that contain %al edge are sequentially adjacent, thereby making the edges
! guentially adjacent.

registers) derived from the circuit layout are required in ord&f . _
to include the effects of variable register delays on the retimegThe,dO(:k,S_keWT_SkeW between two sequentially adjacent
circuit. This approach, therefore, initially requires approximafae gesi andj is defined as
(or estimated) values of the register, clock distribution, and Tskew(4,7) = Ten (i) — Tep (). (1)
interconnect delays which can be replaced with more accurate
values as the exploratory retiming process becomes betfel-(j) > Tep(i), the clock skew between registerand;j
specified [6], [8], [9]. A simple strategy for estimating thds defined as being negatiMdegative clock skewoccurs if the
clock delays is provided as an appendix. initial clock signal leads the final clock signal of a local data
The retiming algorithmRETSAMpresented in this paperpath. If Tcp(j) < Tep(i), the clock skew between registers
uses a branch and bound approach. AlthoR§ITSAMdeter- 4 and j is positive. Positive clock skewoccurs if the initial
mines a retimed circuit that will operate at its maximum clocklock signal lags the final clock signal of a local data path.
frequency, enhanced computational efficiency can be obtainadhe case thai-p(j) equalsTcp (i), i.e., the clock signal
by placing certain conditions related to the monotonicity of theaches the clock input of the two registers at precisely the
path delays on the REC values. These monotonicity conditiossme time, the clock skew is zero [18], [19].
permit the use of standard linear programming methods duringPositive clock skew increases the path delay of a local data
the retiming process. These conditions and the feasibilipath, potentially making its local data path a critical path,
of their application to practical circuits are presented in amhereas negative clock skew may improve circuit speed in
appendix to this paper. critical paths [5], [18], [19]. However, it may also create neg-
The paper is organized as follows. The background amtive path delays, resulting lace conditions Race conditions
definitions of important terms used throughout the paper aee caused bgarly-clocking i.e., clocking of registers before
provided in Section Il. In Section Ill, models of nonzerdghe relevant data is successfully latched. A race condition
clock skew, variable register delay, and interconnect delagcurs if the skew is negative and greater in magnitude than
are presented. In Section IV, the sequential adjacency mattie total local data path delay [5], [17]-[19]. Those paths
(SAM) is introduced. Timing constraints, derived from thevith negative delay are calleshort paths [20]. Similarly,
SAM, are described in Section V. The proposed retiminglong path designates those paths with a delay greater than
algorithm RETSAMis presented in Section VI. Monotonicitythe desired clock period of the circuit.
restrictions that may be placed on the REC’s to permit the useA synchronous circuit can be modeled by a graph composed
of standard linear programming methods to perform retimingf a vertex setl’ and an edge sek. |V| and |E| refer to
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r(1)=0 =1 W=l W0 calculated as
_. U — AH_,K Wi, 7) = min{w(p): p: v; ~ v;}. (3)
=0 H
v , =1 w=1 w=0 This matrix can be calculated using an all-pairs shortest path

algorithm, such as the Floyd—Warshall algorithm [21]-[23].

Fig. 1. The lag function changes the edge weights while preserving tmso, in this paper, &V, matrix is defined as th& matrix
circuit function. Increasing the lag of a vertex by one has the effect 0§>tt

f L . . .
increasing the weights of all edges by one connected in front of this vert er the retlm!ng process has been apP"ed to the cwcw_t.
and decreasing the weights of all edges by one connected behind this vertedzach edge in the graph has a certain number of registers.
Assume thate;, has N registers located on it. To distinguish
befween each register, the notatiepx R,, is introduced to

the cardinalities of these sets, i.e., the number of vertices adn?note thent™ register located on edgs,.

edges in the graph, respectively. Vertices denote logic elemen An i . . N
and edaes denote the connections between verticaand n interconnect section between two nodes in a circuit has
9 kender 5 delay 711,, with a distributed resistance-capacitané@C)

represent vertex, and edgek, respectively. Every edge;, . : L : L
: ’ | m nce with distri resistan nd distri
connects two vertices. These two vertices are called the sfarp edance with distributed resistandéy, and distributed

.~ CapacitanceCr,;, respectively. Since each edge in the graph
vertex and the end.vertex o} and are denoted as.start represents an interconnect line, every edgecan be thought
and ej.end, respectively.

The logic element delay represented by is d(v,) and of as being a distributedRC line with a delay of7iy(ey)

is measured itime units (tu). The number of registers onW'th a distributed resistance and capacitancéigk(c,) and

) , . ively. In th h i h
an edge between two vertices is represented by the Welghtc Ft(en)’ respectively. In the event that a register separates the

. . interconnect line, the interconnect delay of edgas assumed
the corresponding edge, and is denoted by (e ). Edge-to- ,
edge and vertex-to-vertex paths are represented; by ¢; to be separated into wo values B (c,) and Tina(cn),
9 . P P ¢ % where Tiwe1 and T are the preregister and postregister
andv; ~ v, respectively.

The lag of a vertexw, r(v), is defined in [1] and adhered Fielays, respectively. Three simplifying assumptions for the

to herein. The vertex lag function( ) plays a fundamental interconnect delays are the following.

role throughout the entire retiming process and is thereforel) Ttt(en) = Tmui(en) + T2 (en)-

repeated here. The retiming process does not change the vert Trne1(en) andTimez(ey) are constant forw(e,) > 1.
delaysd( ), however, the weights of the edges are changed3) The_ interconnect delay is negligible between multiple
according to the lags assigned to the vertices based on the '€JiSters on the same edge.

following formula Increased generality and accuracy can be obtained by elim-
inating one or more of these assumptions at the expense of
wy(e) = wle) + r(e.end) — r(e.start) (2) increasing the computational run time of the algorithm.

wheree is an edge, andv(e) and w,.(¢) are the weight of
edgec before and after retiming, respectively. Therefore, the
retiming process can be thought of as determiniiginteger In order to consider the effects of clock distribution, variable
vertex lagsy(0) - - - (|V| — 1), according to the retiming rules register, and interconnect delays, a number set, the REC, is
defined in [1]. An observation of (2) shows that instead afssigned to each edge of the graph in the following form:
calculating| £| edge weight values during retiming/| vertex Tep: Tset-up/Te—g—Tmi1/Iini2- Tep is the clock delay
lags are calculated. Although the result is identical and yieli®m the global clock source to each regist€e-., is the
a functionally equivalent circuit, the computational effort isime required for the data at the input of a register to latch,
significantly reduced since typicalll}’| is much less than T_.¢ is the time required for the data to appear at the output
|E|, and the CPU time of these retiming algorithms deperaf the register upon arrival of the clock signal, &fig; is the
polynomially on both of these unknownf/| and |E|. The total interconnect delay along that edge and can be considered
r( ) function is utilized since the edge weights do not changes being composed of two part&,,.; and Tiye, if there is
independently during the retiming process. Bi{e) function more than one register along that edge.
represents the lags attached to the vertices denoting the relativBy attaching delay components to registers located on edges
edge weight adjustments, as shown in Fig. 1.t(@t) denote (connections between logic elements), the local path must be
the lag of vertex 1. As shown in Fig. 1, changing the lag of thedefined from edge-to-edge [6], [9] rather than vertex-to-vertex,
vertex from zero to one affects the weights of all of the edges in existing retiming algorithms [1]. The original digital
connected to this vertex. Increasing the lag of a vertex by ooerrelator introduced in [1] is depicted in Fig. 2. A modified
has the effect of decreasing the weights of all the edges\arsion of this graph in which an REC is assigned to each edge
front of the vertex by one and increasing the weight of all thie shown in Fig. 3. By assigning a clock delay to each edge
edges behind the vertex by one. The retiming process cons{sie Appendix A), the circuit is assumed to be partitioned into
of applying these vertex lag adjustments throughout the entiegions of similar clock delay, i.e., registers that are located
synchronous circuit to minimize the imbalance among all then the same edge are physically located within the same clock
path delays. delay region. Therefore, registers that end up on the same
A W matrix, defined in [1], contains all vertex-to-vertexedge after retiming are assumed to have similar clock delay.
path weights. The elements of this matri#(¢,j), can be Registers that move to different edges are assumed to have

[ll. REGISTER ELECTRICAL CHARACTERISTICS (REC'S)
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betweene; and ¢; exists since in this local data path the
final register is clocked before the data signal arrives and is
successfully latched.

If registersRR; and R; are located on the same edgeand
are sequentially adjacent, then, according to the definition of
the REC's, the clock skew betwed®; and R; is zero from
(1) since the clock delays of both registers are the same. This
assumption is made since registers on the same edge would
typically be physically close, and, therefore, the difference in
clock delay to each register and the interconnect delay between

V1 el V2 e V3 €3 va

Fig. 2. Graph of the digital correlator in [1]. these registers would be negligible. Furthermore, since no
vertices (logic elements) exist between registBfsand R,
V7 V6 V5 when both are on the same edge, the logic delay between the
e9 7N e8 /\ . . . .
, 7 ) 7 two registers is zero. Since all registers located on the same
6:2/1-1/1 5:1/1-2/1 . .. ..
edge are defined to have the same timing characteristics (REC
values), all sequentially adjacent registers located on the same
‘ e6 edge have a similar internal path delay. A path composed of
9 15:1/4-1/4 12:3/3-1/1 5:1/1-1/3 . . . .
Vo %, | /1 multiple registers on an edge could possibly be the critical
0 X ‘ o213 worst case path of the overall circuit and its delay is defined
:3/6~ 1:4/1-2/1 .
\\3/}' 73;612/2 @ ez @éS as TPDIntcrnal(ek)7 glven by
Vi V2 Ve v TPDyeenar (1) = To—g(er) + Tset-up(er).  (5)

Fig. 3. Graph of the digital correlator [1] with added REC values. L .
9 P 9 ] Although the likelihood that the delay of an internal path

will be greater than the largest register-logic-register path delay

the clock and register delays of the new edge. Since registr§mall, the worst-case delay of an internal path is considered
on different edges may be considered to have different clogk this paper for completeness. Certain circuits exist, such
and register related delays, moving a register from one edge 5 counter or shift register, in which this type of direct
to another edge during retiming will not only create diﬁere%gister-to-register path is common.
local data paths with different logic, register, and interconnect
delays, but may also change the localized clock skew of the
new local data paths.

The clock-to-Q delayTe_.o(e;) is edge dependent since The sequential adjacency matrix (the SAM or thenatrix)
each edge is connected to a different vertex, thereby changif@n |£| x |E| matrix whose elemerf (i, j) is the path delay
the capacitive loading on the registers located on each edf@M ¢: to ¢;. The S matrix elementS(i, j), is calculated from
This variation occurs since each vertex represents a variety Oﬁ(l}j) = max{Tpp(i,j): p: e ~ ¢; Aw(p) = W(i, j)}.
possible logic elements, placing a different output load on the (6)
rggister driving t.he verte?<. Hence,. the same registers d”Viﬂ%araIIel paths exist between any two edges, Sheatrix is
different vertex inputs will have differerific_q(e;) delays. composed of two matrices, i, andS.. Equations (7) and
Furthermore, a variety of register types selected prior 10 thg) 4re ysed to calculate the values of these two matrices. In
retiming process may be used at different locations within tgqer o reduce the number of matrices, a combined matrix,
cwcu@, due to the _specmc spcleed! power, and area tradeogfé;, is used.S’(i, j) CONtaiNSSumin(i, j) if Swmin(i, j) cONtains
peculiar to that portion of the circuise;-., May also change a zero or negative entry and contaifig..«(i, j) if no zero
for different register cell instances. Thlil_é‘g?et-up(fzi) canvary or pegative entry exists. The importance Sfun(i,5) is
per edge. Therefore, selecting a specific register to satisfyy&ermined by whether a zero or negative entry exists, thereby
set of performance-based design requirements will change (g oting a race condition. By (i, j) is completely positive,
value of Ts.-yp for each edge. A similar discussion is vallqhe maximum valued entries ifiax(4, ) limit the maximum

for Te—.q(ei). The varying loading exacerbates this dela¥need of the circuit. Equation (9) is used to calculate the
variation, thereby requiring that variable register delays b npined matrix.s’

considered during the retiming process.
The local data path delaypp (4, j) from edgese; to ¢; is  Smin(%,5) = min{Trp (i, 5): pr e; ~ ¢; Aw(p) = W(i,j)}

[V. SEQUENTIAL ADJACENCY MATRIX (SAM)

TPD(ivj) :TC—>Q(L) + TIntQ(i) + TLogiC(ivj) + TIntl(j) o o ) (7)

+ Lsetrup () + Tswew (i) (4) Swax(i,5) = max{Tpp(i,5): p: e ~ ej Aw(p) = W (%J();’)
where Tt si.(¢, 7) is the delay of the logic elements between Suinlis )y i Semin(i, ) < 0

e; ande;, including the interconnect delay of the zero weight S'(4, ) = { S“““ (i’:jj)7 it San(fj') 20 9)

edges along the path between these edges. If parallel paths
exist, minimum and maximum local data path deldjsp,, . Note that theS’ matrix contains information for only
andTpp, ., are defined. Iff’pp_. (4,j) <0, a race condition those paths that can potentially cause the circuit to function

max ?



SOYATA et al. INCORPORATING DELAYS INTO RETIMING 109

TABLE |
THE SAM FOR THE GRAPH OF FIG. 3. LIGHT SHADED ENTRIES REPRESENT SHORT PATHS, WHEREAS DARK
SHADED ENTRIES REPRESENTLONG PATHS FOR ¢ = 24 tu. UNSHADED ENTRIES DENOTE PERMISSIBLE PATHS

S48 [} [ 3 i | | L 1 o 1
ﬁ il 11 ! o | i = i i L] L1l b |
L} i ! ] ui I w
n dl n i ] 43 L] i4 i1
a1 1 L1 L] ¥ L LM n L] i
=, ] a1 L1 s il L5 a1 L1] i L
] ! ] bt i LH = Fa 1 ] il
H 3 ot i i L] bl i ] il
m 4§ L] - L. | 1 r. | ay 1! =
% i r. | 4h k- pey 41 W IK L r] ]
[ i L] i i 1 it A |
i = I = L

improperly. Therefore, the zero and negative entries in tii@r peripheral edges in [24] in order to shift the registers to
Smin Matrix override the positive entries in the correspondinifpe periphery of a synchronous circuit. This approach permits
Smax Matrix during the calculation of the’ matrix. This combinatorial optimization to be performed on the circuitry
occurs since negative entries flag race conditions, and zetaced between the peripheral edges. However, since the
entries flag marginal race conditions and are not permittedrietiming algorithm described in this paper does not exploit this
exist in the retimed circuit. To maintain a sufficient margifieature ofresynthesis negative edge weights are disallowed.
within the circuit, entries below a specific process dependdusing (2), the negative edge weight constraint can be written
parameterk are not permitted. Paths with delays less thaas
or equal tok tu may create race conditions due to statistical
process variations within the integrated circuit and, therefore, we(e) >0, VYeeE. (20)
are not permitted.

For the remainder of the paper, the notation for the corg. | ong Path Constraints
bined matrixS’ is denoted a5 for simplicity. The .S matrix . . . :
of the graph of Fig. 3 is shown in Table I. The light shaded If a clock periodc is Qe§|red, then all paths with a delay
elements of the table indicate those paths with race conditi gater_ thap: must be gllmlnated. Long path.s are represented
(negative values), and the dark shaded elements indicate th gntries in thes' matrix that exceed a desired clock period

paths with a path delay greater than the desired clock peri& In Table |, long paths for = 24 tare depicted using dark
In this example, a target clock period of 24 tu is assume .aded elements. In order to eliminate these long paths, the

Paths with zero delay are marginal race conditions that are %P egrg];tes that create the long path are made nonsequentially

permitted and would appear as light shaded. The unsha ;A . ially ad it th .
elements of the table indicate those paths that neither limit wo registers are sequentially adjacent If there exists a

the maximum performance of the circuit nor create radero weight path between them. According to this definition,
conditions in order to make two edges; and e;, nonsequentially

adjacent, three approaches are possible: 1) the source or 2) the
destination edges can be made zero weight, i.e., all registers
V. TIMING CONSTRAINTS can be removed from these edges, or 3) one or more registers
A branch and bound algorithm is presented in this papean be placed within each zero weight path between the source
in which unbounded values are initially assumed for the lagnd destination registers. The first two conditions exist since
ranges. These lag ranges are tightened using timing constraimtseliminating the initial and/or final register of a local data
derived from the SAM. There are four different types of timingath, a longer path is created which may have a smaller delay
constraints: negative edge weight, long path, short path, aadie to negative clock skew). Using the definitions for
internal path. These different types of constraints are explainaad ¥, described in Section I, these three conditions can be

in greater detail in the following subsections. written in terms of path and edge weights as follows:

A. Negative Edge Weight Constraints wr(e;) =0 (11)
As introduced in [1], a properly retimed graph contains no we(e;) =0 12)

negative edge weights. Negative edge weights are permitted W, (e;.end, e;.start) > 0. (13)
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Ed v v
£€S3 8:1/2-1/3 3 20:3/2-2/1 4

T €3 Ty
v, —
3 % 4 o) 3 I % Q/' . €,

. . . 3tu 2t
Fig. 4. The internal path delay between registers located on the same edge,
TPD1yena» 1S €Qual due to the definition of the REC's. This example
demonstrates the case whergez) = 3. TP Drecnnt €2) > Tp(e2,€3)

Fig. 5. An example graph in which the internal path delay on edge

If (11) or (12) is satisfied, then no registers exist on efigeexceeds the path delay betweep and e;. This graph exemplifies the
or j, respectively, and, therefore, all local data paths betwegi?r?i{it:tl%e of considering internal long paths before the retiming process
edges: and j are eliminated. If (13) is satisfied, all possible '
paths between edgesndj have a weight of at least one. This
violates the definition of sequential adjacency, i.e., no pathsNote thatinternal short paths are not possible since the
exist with a zero weight between these two edges. Intuitivelglock skew between any two registers on the same edge cannot
it is stated in (11)—(13) that either the initial or the final edgke negative (the clock skew must be zero). Therefore, internal
does not have any register located on it, or there is at leasort paths are not considered in this paper.
one register along every path between these two edges.

E. Constraints Due to Vertex Lags

C. Short Path Constraints Constraints (10), (11), (12), (13), and (14) are written in
Short paths appear as zero or negative entries inStheterms of edge weights. These constraints can be rewritten as

matrix. S(4,5) < 0 indicates a short path originating af (15), (16), (17), (18), and (19), respectively, to reduce the

and terminating ak;. If ¢; and ¢; form a short path, then number of necessary operations.

the initial and final registers of this path must be made

nonsequentially adjacent. Equations (11)—(13) are used to r(e.start) — r(e.end) Swle), Vee B (15)
eliminate any catastrophic short paths (or race conditions). r(e;.start) — r(ei.end) =w(e;) (16)
) r(e;.start) — r(e;.end) =w(e;) 17
D. Internal Path Constraints r(esend) — (e start) < W(i, j) — 1 (18)
Internal long paths are created between two sequentially r(eq.start) — r(eiend) >w(e) — 1
adjacent registers on the same edge when the edge weight is B N " -
greater than one, and the internal path delay is greater than a Vi TP Diyiernar (1) > € (19)

specified clock period. Internal long path constraints can be In order to provide some intuition to (15), (16), (17), (18),

formulated using (5) as and (19), note that, given two vertices and v, the value
wr(e;)) <1, Vi Tpp,,na(ci)>c (14) r(uw) —r(v) can be thought of as “the number of registers

taken out of the pathy: v ~» ».” Given this interpretation,

which suggests that if the internal path delay of an edge S implied in (15) that “the number of registers taken from
greater than the desired clock period, the weight of that specgﬁ edgec cannot be greater than the original weight of the

edge must be either zero or one to prevent internal long patgage,n i.e., none of the edge weights can be negative. In a

Ar_] edge with a We'ght of thr_ee is depicted in _F'g' 4. Morgjmijar manner, it is stated in (16) and (17) that “the number
precisely, edge:; of Fig. 2 which connects verticess and ¢ ragisters taken from edge ande;, respectively, must be
v4 is shown under the assumption(cs) = 3. In Fig. 4, the o091t the original weight of this edge,” implicitly stating that
mtv_arnal path delay on edges (the_ delay bgtween registerypig edge should be made zero weight. In (18) it is stated that
pairsri,re andry,73) is constant since multiple registers O o registers taken from the pahc; ~ ¢; must be less than
_the same edge are assume_d to have the same delay, anqh@%riginal weight of this path minus one,” implicitly stating
interconnect delay between internal registers is assumed tO9g o1 |east one register should be left along any path between
negligible (see assumption 3 in Section Il). Since the elecmcr%lgisters@i andc;, thereby making this path nonsequentially
characteristics of the vertices and registers do not change, g&facent. Finallyj,7in (19) it is implied that either zero or one

internal path delay is calculated from (5) only once before the yigter should be left on an edgethat contains an internal
retiming process is applied. This procedure ensures that bef ﬁg (worst case) path.

the retiming process starts, unnecessary internal long paths due
to excessive internal path delays are not created. An example
graph in which the internal path delay of edge exceeds

the path delay between edges and ez, thereby causing an In this section three algorithms are introduced: 1) Algorithm
internal long path, is shown in Fig. 5. It can be observed froRETSAMto perform retiming of synchronous circuits, 2)
Fig. 5 that the internal long path delay exceeds the path deldlgorithm CHECKCP to check the feasibility of a specific
betweene, and es since the negative clock skew betweemlock period, and 3) AlgorithnSOLVELAGSo determine the
these registers decreases the path delay, low&ing ez, e3) vertex lags based on a branch and bound method. These three
below the internal path delay. algorithms are explained in the following subsections.

VI. RETIMING ALGORITHM
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1. CPuin =0 The most important step IRHECKCP s solving for the
2. (Ppaq = clock period of the original graph vertex lagsr( ) using AlgorithmSOLVELAGSThe objective
‘31' Icfafgzlzi‘;g;ﬁm b has race conditions € Paes — max {S(. i), V. i1 of the retiming algorithm is to yield a set of vertex lags
5. Choose Cmei | CPnat Cha | e R that satisfy (15_)—_(_19_). To gchleve this objective, the vertex
6. Check for feasibility of ¢ = C'Plyygeq using algorithm CHECKCP lag ranges are initialized with unbounded valjesc - - - oc].
7. If set of inequalities can be successfully solved, then CProz = CPurgee  TiMiNg constraints are continuously applied to these vertex
g- ‘Cfo:;’;u‘:i;ifﬁ'g;: Cﬁ ot lags in order to tighten the ranges until eventually all the
‘ Process il & fmin = & ez constraints are satisfied. Once the vertex lags are each defined,
Fig. 6. Pseudocode fdRETSAM these lag values are used to determine the edge weights of the
retimed graph according to (2).
1. r0]=100...0]
;- ::[k] - [0 - t+1_<>i>],ka: li " b ;1 C. SOLVELAGS: Determination of the Vertex Lags
4: A:;isel ?a;: [ics)r:;;sf;sall co?)rstia?ﬁts I::Zrilr:)g a(igorithm SOLVELAGS Usmg a Branch and Bound Appl’O&Ch
5. If all lags are fixed and all constraints are unsatisfied The following types of equalities and inequalities are created
— Clock period is not feasible from the aforementioned timing constraints:
6. If all constraints are satisfied 7’(1}a) _ 7’(1/(,) iy (20)

— Clock period is feasible

. o <
7. If c is feasible and all lags are not fixed ! (Ua) ! (Ub) sk (21)
— Use lower bounds of the unfixed lags 7’(1}a) _ 7’(1}(,) —k or 7‘(Uc) — (Ud) = ks (22)
Fig. 7. Pseudocode for clock period feasibility test, CHECKCP. 7’(1} ) _ 7’(1};,) —k or 7’(1} ) _ 7,(1}(1) < ko (23)
o . r(ve) —r(w) =k or r(ve)—r(vg) =k oOF
A. RETSAM: Retiming Algorithm for Synchronous r(ve) — r(vg) < ks (24)

Circuits with Attached Electrical Information

Retiming a synchronous circuit is achieved by performing4here () are vertex lags and:, are constants. Ther
binary search of all possible clock periods on a specific circifatements that appear in (22), (23), and (24) prohibit the use
graph. The pseudocode of the retiming algorithm is shown @f standard linear programming methods [21] and necessitate
Fig. 6. The lower and upper bounds of the binary search 4f¢ useé of branch and bound techniques for the general
CPrin and C Py, respectively. Initially the lower bound is uncqnstramed retiming proplem. However,. it is shqwn in
zero (Step 1). If the original graph does not contain any rag§ction VIl that a polynomial-time suboptimal solution is
conditions, the critical path delay of the original graph defind€sible when the path delays are constrained to monotonically
the upper bound of the binary search (Step 2). The SAM ificreasing delay values. o _ _
calculated in Step 3 and used throughout the algorithm. |fNOte the existence ofultiple choicesin each inequality
the original graph contains one or more race conditions, the(22), (23), and (24) in the form ofl or s2 or s3, where
maximum value in the SAM is used as the upper bound (Stép 52; and s3 are different choicess3 = nal (nonexistant)

4). During the binary search, a specific clock perio@; ; ge:, |mplles'the form shown in (22) "?‘”d (23), whereds= ml. and

is checked for feasibility using algorith@HECKCP(Steps 5 52 = 7l imply the form shown in (20) and (21). Notationally,
and 6). Depending on whether a solution exists (Step 7) or rigt Must always exist, ans2 = nil and s3 # nil is not
(Step 8), the lower and upper search bounds are adjusted, BREMitted. Therefore, (24) is characterized 43y nil. Note
the binary search continues until the minimum clock period {82t itis possible teeducethe complexity of a multiple choice
determined (Step 9). An approximate solution can be obtain&§duality by either eliminating2 or s3. Thus, an inequality
for the minimum clock period IRETSAMis terminated once ©rginally in the form of (24) can be converted to the form of
the binary search bounds become sufficiently tight. This m&§2): thereby reducing its complexity. o .
significantly reduce the run time requirement of the algorithm, 10 9ain insight into how these multiple choice inequalities

since target clock periods close to the minimum clock perig€ created, consider retiming the graph of Fig. 3, for which the
may require excessive computational time. SAM is shown in Table I. To achieve a clock periodcof 24

tu, the dark shaded and light shaded paths must be avoided,
since they represent long paths for 24 tu and short paths,

B. CHECKCP: Clock Period Feasibility Check respectively. To avoid, for example, the pathes ~~ ¢y, there
exists three possible choices, derived from (11), (12), and (13),

A feasibili heck f ific clock i i
easibility check for a specific clock periot Praxge. IS Hgsulting in the multiple choice inequality

achieved by solving the set of nonlinear inequalities for t
vertex lag ranges. If all the constraints are satisfied for every r(3)—r(4)=1 or 7(0)—r(1)=1 or

path in the graph, the clock period is considered feasible. r(4) = 1(0) < -1 (25)
Pseudocode for the algorithm that determines the feasibility -

of a clock period is shown in Fig. 7. Lag ranges are stored which states that to eliminate the path startingeatand
an array called[ |. The timing constraints are derived fromterminating ate, eitheres or ¢ must be zero weight, thereby
the SAM. making the pathy: es ~ ¢ nonexistent, or at least one register
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1. Let L be the constraint list.

2. while L # §

3. Let [ = next constraint in L in the form of sl or s2 or s3, where s1, s2, or s3 is one of
the timing constraints. Note that s2 and/or s3 may be n:l (nil is always non-satisfiable,
thereby, having no effect on /).

4. if s3 = nil goto 12.

5.  Constrain vertex lags to satisfy s3. Iterate if necessary.
6. if s3 is non-satisfiable with the current vertex lag list
7. { = | — 83 (delete condition s3).

8. else

9, L = L — ] (delete the entire constraint)

10.  goto 18.

11. endif.

12, if s2 = nil goto 14.

13. repeat steps 5 through 11 for s2.

14. Constrain vertex lags to satisfy sl. Iterate if necessary.
15. if sl is non-satisfiable using the current vertex lag list
16. exit. no solution exists.

17. else L = L — [ (delete the entire constraint).

18. endwhile.

19. Use the vertex list as the solution

Fig. 8. Pseudocode for the branch and bound algori8@LVELAGShat calculates the vertex lags.

must be placed between the initial and terminating vertices ofln Table Il, the vertex lag nonnegativity constraint from
the pathp. (15) is applied to each vertex to further tighten the vertex lag
The pseudocode of the branch and bound algor®hVE- ranges (shown in the first three rows). When the constraint
LAGS that calculates the vertex lags is shown in Fig. 8. Aom (15) cannot be used to further tighten the vertex lag
list L is maintained to store the timing constraints derivetnges, the long path constraints from (16), (17), and (18)
from the SAM (Step 1) which are individually eliminatedare used (see row 4). Short paths are also eliminated using
until no more constraints remain unevaluated (Steps 2 afi), (17), and (18). Each time the bounds are tightened by
18). Within this loop, each constraihis evaluated separately@pplying long (or short) path constraints, (15) is applied to
(Step 3) to determine ifs3 (Step 4) ors2 (Step 12) is the new set and the neighboring vertex lag ranges to ensure
nonexistant. nonnegative edge weights on each edge. The algorithm may
If 53 can be eliminated (i.es3 can never be satisfied using'®ach a_point where the application of the constraints can no
the current vertex lag list), the complexity of the constraint/Onger tighten the bounds (the dark shaded row). Once this
can be reduced (Steps 5-7). Alternatively,s¥ is satisfied occurs, all possible values for each vertex lag are tested. On

using the current vertex list without further tightening th(IEhe firgthdark ,Sh"’}_d_ed row in Tarl1)le Il, there grel twohunfifxed
boundaries of the vertex lag list, the constraintan be ags with cardinalities two and three, respectively. Therefore,

eliminated (Steps 8-11). The same operations are perforni)rfeﬁ 3 Tt6 pqssmle hsoc;utiﬁns Ie X|§tthanq rrgust_bet %valugtte: :
on conditions2 between Steps 12 and 13. a solution Is reached, the aigorithm Is terminated an ©

After s3 ands2 are evaluated, the lags are adjusted to satis\rﬁSUItIng vertex lag ranges are used to determine the edge

constraints1 (Step 14). Ifs1 cannot be satisfied, a vertex lag elghts of the retimed graph. If all possible solutions are
. g . considered and a set of vertex lag ranges cannot be determined

set does not exist that satisfies all constraints (Steps 15 and : . . .

. ! : S . at satisfy all constraints, a solution for that specific clock
16), sincesl is the last possible solution in ther chain. If a . :

- period does not exist.

vertex lag set can be found that satisfiésthe vertex lag that
satisfiess1 is used (Step 17). AfteL is completely evaluated
and the entire list of constraints is satisfied, a solution exists  VII. PATH DELAY MONOTONICITY CONSTRAINTS

and the current status of the vertex list is the set of final verteXThe algorithmRETSAMis capable of including arbitrary

lags (Step 19). o register properties, including clock delays. In the event, how-
The solution method for determining the vertex lags of theyer, that the design freedom permits consideration of the REC
graph shown in Fig. 3 is exemplified in Table Il. The targeje|ay values as part of the design process, certain constraints
minimum clock period in this example is 24 tu. To solve for aan pe placed on the REC values which will permit the
set of vertex lags that provide a proper retiming, an inequalifise of standard linear programming techniques, such as the
similar to (25) is written for each short or long path shown igellman—Ford method [21], for solving for the vertex lags.
Table I. In this algorithm, the unbounded valfileco---oc]  This process yields more computationally efficient results.
is initially assigned to each vertex lag range. Only one vertéx the following subsections, the path delay monotonicity
lag (+(0) for simplicity) is initialized to zero and the otherconstraints that must be applied to the REC values to per-
lags are calculated relative t¢0). Bounds of the vertex lag mit computationally efficient retiming are introduced, design
ranges are continuously tightened to determine a set of veriegues relating to the clock distribution network with respect
lag ranges that satisfies all of the constraints. to satisfying the monotonicity constraints are described, and
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EXAMPLE SOLUTION FOR ¢ = 24. A SINGLE VILpl\J?ELlES gHOWN FOR EQUAL, LOWER, AND UPPER BOUNDS
Consirase Type D | ) W21 M3 | nd s} | o)

il —cgm | =m0 | —ew0o | —oou — 0000 = (0, =,
rkn LSl Megativity on s il =1, —, 0 | — 08 | —00o0n | —00..00 - (3. £ =,
i 1l=n{ 7150 Megativity on ey il =] - - B =R A (0, (0 |
-P:I;g.:.lnﬂ:,l an ey, B3, By, 8y, S5, S, &1, B, 8y | € = 1_4F =2..0 =3..] —~4.40 =30 —2..0 —1.0
- Ti=0 or i "L,unp pati pi—iq i | { 2.0 =3..1 _— | =30 —2_.0 _l -
riTh-ni 130
- T Megalivity om oy [ - =1.0 =d..1 4.0 =30 e T | . |
5 -G Megntivity om I;q '-l:l_ '. 1 ) =3..1 =4.1 =&, — 1 -2 =1 +1
n;_d_ll-:l:l:.‘?;fﬁl'll Mepmivity om ey 0 I. -i S| =T} =3..1 = =1 | =F.—1 ST | N |
) Sl Mizpmtivity on ey 0 -1 —d.4F —=d.=1 =i, =] =1, =] -2. =1 . |
n 21 Mepativity on ey o =1 =g =] | =l -] =, = ] =, =] =2. =1 o |
2 -0 = ar Lewg path: €q—o &} -1 —de—=1 | =3.=1 | =di. =1 L] 1 ] 1
7 -l =tk
af i T
e el | Megmiviry on e 1] -1 —2=1 | =%.—1 | —4—1| —-3.-12 -2— ] |
A5 el | Negariviny on ey 1] | —Fee=1 | =F.=0 | =4, -2 | =3, -3 -2 - -

RS Ry -] Megarivity on és 1] -1 =q.=1|=2.=2 | -d4,,-2 | =3..-1 -2 . _|_ :
m2)-rif el Megaciviy on ey ] -1 -2 -3.-3 ]| —-4.—-13 | —3 =3 -z |
lieratkcm #1: chonse o 3=-1 il -1 = -3 =d., =1 -2 =9 £ =1
;125-r||.'l-r-1 o Shar path: e;==g Condickan | smisfed

ridpnidjs=1 1

rid=ndi=l Megaiivily on gy i | o o | -3 -2 2 -2 -1

M =nd)=1 or Long path: gy=ey Consirmims are nol sacisilabhle

r{G=n 7T j=l)

or rid ekl

the feasibility of lying th monotonici nstraints t i v
e feasibility of applying these monotonicity constraints to v 3:1/4-12 2 8:1/2-1/3 % 20:3/2-2/1 4

practical circuits is discussed. . . . .
e] e2 e}

A. Path Delay Monotonicity Constraints T~k K

2
I tical integrated circuit iati in clock del I v
n practical integrated circuits, variations in clock delay . s

— p -

>

between widely separated registers may create clock skews TS

which can drastically affect circuit operation. An observation _ ) _
ig. 9. An example graph in which the path delays do not monotonically

of (4) is that arbitrary clock skews (in particular, n_EQat'Ve clo crease. The subpajh has a delay greater than its original patiThe cause
skews) may cause longer data paths (paths with more edgesis nonmonotonic behavior is due to the negative clock skew between

and vertices) to have less delay than shorter data paths (p&fggse: and ez.

with less edges and vertices). Therefore, unless constraints are

placed on the possible clock delays, the data path delays at@ch this occurs is depicted in Fig. 9. In this graph, the
arbitrary and can quite possibly be negative. This decreasesitbpathp; has a greater delay than pathThe primary cause
path delay can occur either due to negative clock skew or to tisedue to the effect of negative clock skew which effectively
delay components of the newly placed register being less ttaubtracts delay from the local data paththereby causing the
the delay components of the original register. Thus, a subpathbpathp; to have greater delay (or the longer patto have

py of a longer pattp (composed of added edges and verticefgss delay). In the specific example shown in Fig. 9, subpath
may have a delay greater than pathAn example graph in p; is 1 tu greater than path. This 1 tu difference results
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1. Calculate the negative clock skew tolerance [7(a, b)] for each local data path e, ~» ¢, in
the synchronous circuit

2. Calculate the positive clock skew tolerance [T(a, b)] for each local data path e, ~» e in
the synchronous circuit

3. Write the inequalities for each local data path using (30) and (31)

4. Solve the inequalities with the Bellman-Ford method

5. Use the resulting clock delays to design the clock distribution network

Fig. 10. Pseudocode version of algorithm for designing the clock distribution network.

from the negative clock skew between edgesand e, i.e., that (26) is satisfied for each path in the synchronous circuit,
Tskew(e1,e2) = 3-8 = =5 tu. inequalities for longer paths can be written and solved using

When a subpath of a larger path has a greater delay, thére Bellman—Ford method. Equations (27) and (28) must be
are three choices for removing that path. These choices aatisfied to ensure that a proper retiming with REC’s has been
the following. accomplished. These conditions are similar to those derived

1) Place a register between the initial and the termintl [1]
edges, since a shorter path may have a smaller delay

(or a short path may have a larger delay). r(u) —r(v) Swle), VYeru— v | N (27)
2) Remove the initial edge so that the path becomes longer 7(u) —r(v) <W(u,v) =1, Vi,j € E: S(i,j)>c,
(more edges and vertices). This longer path may have a u =¢;.end,v = ¢j.start. (28)

smaller delay.
3) Remove the terminal edge so that the path becomgs pesigning the Clock Distribution Network

longer. This longer path may hav maller delay. . . N .

,9 ge S longer pa ) y ave a smaller delay In a practical integrated circuit, clock delays to each in-
Conditions 2) and 3) are required since the data path delays g, o/ register may vary significantly due to the layout
completely arbitrary, and any of these conditions may possibly,, -4 cteristics of the clock distribution network, creating local-

remg\_/e the undesirat()jle g?th. Since these .three (;]onditions i989 clock skew between sequentially adjacent registers. These
used INRETSAMstandard linear programming techniques afgia| cjock delay values can be changed by redesigning the

not possible due to the boolean operation, thereby resulting clock distribution network, for example, by inserting buffers

in the multiple-choice ineqhuaIiFies inﬁ(2_0)—(24)]; h .. into certain clock paths. By applying this type of methodology,
A strategy to improve the time efficiency of the retiming, ok distribution network can be designed which maintains

algorithm is as follows: If certain temporal constraints arg onotonically increasina path delavs. thereby satisfving (29
placed on the clock delays, it is possible to guarantee thagﬁd (30) y ap ¥S, y fying (29)

subpathp; of a larger pattp will always have a larger delay,

thereby removing the aforementioned conditions 2) and 3). Tep(b) = Tep(a) <7(a,b) (29)

This S|mp_l|f|cat|on permits using _the standard Bellman—l_:o_rd Tep(a) = Tep(b) <T(a,b). (30)

method, since by removing conditions 2) and 3), the remaining

inequalities are linear in the form of, — ; < a;;, since N0 Equations (29) and (30) represent the minimum and max-

booleanor operation is being performed. imum clock skew that each individual local data path may
Assume a path with two edges ande;, respectively, and have without causing improper circuit operation. As described

a vertexv, between these edges. The following condition ti Appendix B, 7(a,b) and T(a,b) are the negative clock

ensure monotonically increasing path delays is as follows: skew tolerance and the positive clock skew tolerance of path

eq ~ ¢, respectively.

Trp(a,b) 2 max{Trec(a), Trec(b)} (26) Careful observation of (29) and (30) will show that these
where Treg(e) and Treq(b) are the sum of the setup andexpressions represent a family of inequalities which can be
clock-to) delays of the registers located on edggsande;,, solved using the Bellman—Ford method [21]. Therefore, a
respectively. Details of the derivation of (26) can be found idlock distribution network can be systematically designed with
Appendix B. this methodology, as shown by the pseudocode algorithm

Equation (26) guarantees monotonically increasing delageesented in Fig. 10. The process described in Step 5, design-
for each edge-to-edge local data path. If (26) is satisfiduy the clock distribution network from the individual clock
and all path delays increase monotonically, standard linadelays, is discussed in greater detail in [12]-[15].
programming methods can be applied when retiming a graphJn the event that no solution for this set of inequalities
thereby dramatically improving the computational efficiencgxists, a clock distribution network design is not feasible. If
of the retiming process. Relationship (26) does not perntitis occurs, these monotonicity conditions cannot be satisfied,
race conditions since race conditions may create subpatmsl the algorithmMRETSAMcan be used.
with delays larger than the original paths. Therefore, raceA key aspect of the results of this research is the close
conditions must be eliminated in advance to permit the useioferaction that exists between the design of the clock dis-
the Bellman—Ford method. Therefore, this strategy does rgbution network and the computational efficiency of the
verify the existence of race conditions but instead assuntesiming process. It is shown herein that if the clock dis-
that all race conditions have been eliminategriori. Given tribution network is poorly designed, the retiming process
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may be greatly degraded. Alternatively, a well designed clodk cannot exceed a magnitude of 6.3 ns. A methodology
distribution network may significantly enhance the efficiencipr designing clock distribution networks based on nonzero
of the retiming process. localized clock skew is described in greater detail in [12]-[15].

C. Feasibility Check for the Clock Distribution Network

To verify whether the conditions imposed on the clock o ) o )
delays are feasible in practical circuits, typical values for the The retiming algorithmRETSAMis implemented in C on
REC's are used to exemplify the design process. The origifal SUN 4 workstation. To permit evaluating the proposed
digital correlator presented by Leiserson-Saxe and shown!§iming algorithm, modified Microelectronic Center of North
Fig. 2 is used as an example circuit. The logic elements on trérolina (MCNC) benchmark circuits [25], [26] have been
vertices vy, va, v, and v, are comparators and are modeleé”f’ilyzed with thls_al_gorlthm _and an |mplemen_tat|0n_ qf the
as XNOR gates with a nominal delay value of 3.5 ns. THe2iSerson-Saxe retiming algorithm [1]. The resulting minimum
logic elements on vertices;, v, and v, are full adders with clock period for each of the retimed benchmark circuits is
a nominal delay value of 4.0 ns. Typical register setup ah@Ported. o _
clock-to<Q times of 4.0 ns and 3.0 ns are used. These temporall© evaluate the proposed retiming algorithm, 1989 and 1991
values are derived from industrial-based standard cell librariddCNC LGSynth benchmark circuits [25] and [26] have been
Initially, zero clock skew is assumed to predict the negati\fBOd'f'ed to include the effects of variable register, clock, and
clock skew tolerance of a path. interconnect delays. To incorporate these delay components

The parameters are provided below for an arbitrary paigp,to the benchmark circuits, REC’s are artificially generated
p: eg ~ ey in Fig. 2. Interconnect delay&,; and Ty are using a random number generator. However, to better simulate
assumed to each be 1.4 ns, approximately 20% of the regiéﬂé’r effects of the actual clock distribution, interconnect, and

delays. In this case, for edgegande;, the register delays are 'egister delays, the uniformly distributed numbers generated
by the C library functionrandom () are converted to a

Trec(eo) = Trpa(e1) =404+3.0=7.0ns normal Gaussian distribution [27]. For clock delays, a uni-
form distribution is applied, since the registers are typically
distributed over the entire integrated circuit. Physically distant
max{Trea(eo), Thea(e1)} = 7.0 ns registers may have very different clock delays, since the
interconnect impedance between the clock source and these
Assuming zero clock skew, i.€lgxew(co,e1) = 0, the path registers and the capacitive loading of the registers may vary
delays are over a wide range. This suggests a wide spectrum of clock

delay values, and, therefore, a uniform distribution is applied.
T =Tc- Tin d Tin ) . SR
rp(co, 1) o=Q(e0) + Tiucza(eo) + d(v1) + Thuta (1) For interconnect delays, a uniform distribution is also used,

VIIl. EXPERIMENTAL RESULTS

and, therefore

+ Tser-up(€1) + Tskew(co, €1) since the distance between the registers and the logic elements
=34+144354+144+ 4+ Tskew(co,€1) is assumed to vary uniformly. A Gaussian distribution is
—13.3 ns used for the register delays, since similar instances of the
same register cell or register cells of similar delay are most
According to (26) often used; therefore, the delays are approximated as being

31) normally distributed. For those instances in which a negative

Tppleg,e1) > max{l] eo), 1 e . . . .
rp(co; 1) 2 {Trea(co) Trea (o)} value for the clock, register, or interconnect delays is obtained

which is satisfied since from the Gaussian distribution, the approach applied in these
experiments is to discard the negative values and redo the
13.3ns> 7.0 ns sample. The “truncation toward zero” approach (i.e., mapping

It can be shown that these conditions are satisfied for all pa ghegative Va“_J?S to zerq) S not applied since .t.h'S would
in the digital correlator circuit shown in Fig. 2. Therefore, a las the probability of obtaining zero values (specifically, the

long as the clock skew is zero, (26) is satisfied, and the digﬁObabi”ty of obtaining a zero sample would be the integral

correlator has monotonically increasing path delays through t;hedGau'sslzn' d|§trlbgtlorl1vfromoo to z%ro). d
the entire circuit. Now le¥isyen (co, 1) = T (co)—Tep(er) s described in Section IV, a process-dependent parameter

in Fig. 2 be negative. Positive clock skew is not consideré}i is used to prevent marginal race conditions. Paths with a

here since it does not affect the monotonicity constrai elay less than or equal to this parameter are not permitted.

Applying negative clock skew, the inequalities become In the benchrr_lark circuits; = 0is use_d, therefore, pafchs W'th
zero or negative delay are not permitted. In these circuits, the

Tskew(co,e1) +13.3 N8> 7ns average register dela{f=_.o + Tset-up) Of €ach circuit is
added to each local data path to compensate for the effects of
or the variable register delays, i.e., the register delay of each local
Tsrew > —6.3 NS, data path is assumed to be constant and equal to the average

register delay of the retimed circuit with variable REC values.
Thus, the negative clock skew tolerance of the local data pathThe application oRETSAMto the example MCNC bench-
is 6.3 ns, i.e., negative clock skew is permitted, howevanark circuits are described in Table Ill. The initial five
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TABLE 11l
RESULTS OF THE APPLICATION OF THE RETIMING ALGORITHM TO MCNC BENCHMARK CIRCUITS
Graph properties CPU Time
Initiat Tep Tep After Tep LP Based RETSAM
Example Edges Vertices Latency (tu) Retiming (tu) Tskew=0 (sec) (sec)
TrEeG=const

(tu)

LGSynth89 - multi-level (netblif)

c17 26 19 6 - 92 29 25 244 3499

b1 34 19 5 80 33 28 475 129
cm138a 62 29 4 110 43 38 593 11555
cmd2a 65 34 3 101 46 38 6.71 461
cm82a 59 37 4 139 47 40 5.76 4260
majority 26 17 5 103 33 35 400 1045

LGSynth91 - multi level (blif)

C17 19 12 5 63 32 26 2.85 160

bl 16 10 2 50 33 24 1.30 3.03
cm42a 49 18 4 78 35 32 1.38 351
cm82a 22 12 3 49 28 26 5.61 10.4
cm85a 70 36 3 102 51 40 5.24 11573
cm150a 69 38 2 90 56 48 435 949
cml5ia 38 22 3 93 41 36 222 2850
decod 89 24 4 69 43 37 4.54 61996
parity 47 32 2 77 49 36 4.42 355

tcon 65 34 2 40 34 24 356 340

Figurc 2 with the added REC values

fig2 Il 8 4 43" 24 20 LN 2.172

* denotes a graph that contains race conditions before retiming.

columns describe the properties of the modified benchmark 8:1/2-1/3 ] 20:3/2-2/1
circuits. These properties are: I 4 |
) ) 1 T
1) the name of the benchmark example as it appears in the \/

MCNC archive;
2) the number of edges;
3) vertices in the graph of each circuit;
4) the latency of the circuit;

5) the original clock period.
. . . L . Fig. 11. A path containing two registers and a vertex between the two
The minimum clock pe“Od of the retimed circuit using algofegisters. The path deld¥;>;, contains components related to the register

rithm RETSAMis shown in the sixth column. In the seventhielays. If all registers in the circuit are similar, the register delay components
column, the minimunicp biased withTk., using algorithm Would be equal.
FEAS [1] is presented. The parameték., is the average
register and interconnect delay in the circuit and is includeflore significant the affect of negative clock skew), the greater
to provide a fairer comparison. the minimum clock period becomes, as exemplified by the
The sequential circuit represented by the retimed grapfinimum clock period of certain benchmark circuits listed in
contains It registers with various REC values. If the registhe sixth column. This increased delay is due toithbalance
ter delays in the circuit are different, as shown in Fig. 1among the path delays, thereby increasing the worst case path
(Te—q@ + Tset-up = 2+ 1 tu vs. 2 + 3 tu), Tse-up fOr delay, requiring a larger minimum clock period. Since the
the initial register andlx_.¢ for the final register must be circuits listed in Table Il are relatively balanced, negative
considered when calculating the path delay. In the unuswdbck skew does not significantly impact most of the circuits
case where all register delays are eqifal, can be used as alisted in Table Ill. Thus, only one circuit (the majority circuit)
global parameter, as is assumed in [3]. The greater the variaegaibits a minimum clock period (listed in column six) which
between the register delays and between the clock delays (ghéess than the clock period shown in column seven.

Tep = Treg + Trat + Trogic + Tskew
Tp[):(2+3)+(3+2)+ 4 +(8720)
Tpp=2tu
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To provide a comparison between the central processiskew. Finally, clock skew induced race conditions are detected
unit (CPU) efficiency of the retiming process on a SUN4nd eliminated.
workstation with and without monotonic delays, the CPU times Summarizing, a new retiming algorithm which considers the
are included in columns 8 and 9 of Table Ill. The CPU timesffects of variable clock distribution, register, and interconnect
required to retime a circuit with monotonic path delays usingdelays has been presented. This algorithm represents a signif-
linear programming based algorithm similarRBASproposed icant extension of existing retiming algorithms, permitting the
in [1] is listed in column 8. The CPU times usii@ETSAM use of retiming for the automated synthesis of higher speed
are listed in column 9. Note the dramatic improvement iand more reliable pipelined digital systems.

CPU efficiency when a linear programming based algorithm is
used. This emphasizes the importance of applying path delay
monotonicity constraints when retiming a high complexity
circuit.

As shown in Table Ill and noted earlier, the minimum AS described in Section |, the retiming process requires
clock period of the majority circuit from LGSynth89 retimed®"! initial estimate of _the register, clock d_lstrlbutlon, and
with RETSAMis less than from existing retiming algorithms.'nterconneCt delays which can _be_ replaced with more accurate
This occurs since localized negative clock skew [5] and [1¥fU€S as the exploratory retiming process becomes better
subtracts delay from the critical path such that the worst caggecified. Therefore, an important aspect of this research
path delay is smaller, thereby causing the minimum Cb&ﬁo'rt is that the retiming process and the clqck distribution
period to be less. Also, note that no race conditions exist §§Sign are closely related, i.e., a careful design of the clock

those circuits retimed bRETSAM a conclusion that cannot distribution network will improve the results of the retiming

be drawn with other retiming algorithms. process. The retiming process can also be used to improve the
design of the clock distribution network.

Although optimal retiming and clock distribution design
IX. CONCLUSIONS may be performed separately, simultaneous clock distribution
A retiming algorithm is presented which considers variabI((JIeeS.Ign _and retiming may be h|ghly CPU intensive. 'I_'he_refo_re,
L2 . . estimating the delay characteristics of the clock distribution
clock distribution, register, and interconnect delays. To per- Kand i ina th del : h -
mit the consideration of these delay components, REC’s anr%twor an mteg.ratmgt ese delays into t .ere“'.“'”g brocess
attached to each edge of the graph representing the circlif pe more sunable' for designing p_rapncal CIrCUItS.'ThIS
ISSue is a topic of considerable focus within the academic and

and the original path delays are redefined to be from edge- . .
ndustrial research communities.

to-edge rather than vertex-to-vertex. A set of inequalities are , procedure is described to demonstrate how clock de-

created based on these edge-to-edge path delays, permﬂtup@/g can be estimated for a practical circuit. As previously

retimed version of the circuit to operate at the minimum cloc . o . SR
. . i . mentioned, it is assumed that an integrated circuit can be
period. A general algorithmRETSAM is presented which o . ; L
. . . i partitioned into regions of similar clock delay. Each clock
supports arbitrary REC values, including excessive negatiye L N
. . . €lay region is composed of both a deterministic and a
clock skew. An iterative method using ranges of vertex lags N
: L . .. probabilistic delay component, as shown below
rather than constant vertex lags is used within this retiming

algorithm to solve for the edge weights. Tep(region =n) = Tep..  (region=n)+7T (Al)

A set of monotonicity conditions may be imposed on the
REC values to improve the computational efficiency by pewhere 7 is a uniformly-distributed random variable, and
mitting the use of standard linear programming methods. TheBep____, (region = n) is the deterministic clock delay at-
monotonicity conditions place constraints on the magnitude tafched to regiom.
the negative clock skew of each local data path, thereby noThe nondeterministic statistically based component of the
longer permitting the clock delays to be of arbitrary value. Thadock path delay, represented by the delay compofenis
feasibility of applying these conditions to practical circuits islue to variations in process parameters within the integrated
discussed. It is shown that retiming cannot be efficiently amitcuit. Since transistor parameters, such as channel mobility,
accurately performed on a circuit with an improperly designetireshold voltage, and oxide thickness, may vary across the
clock distribution network. Thus, the quality of the desigudlie, some variations of the clock delay are expected. This
of the clock distribution network can significantly affect thevariation, however, tends to be small for registers belonging
automated design of high-performance synchronous circuitsthe same local data path (and, therefore, physically close
when utilizing retiming as a synthesis methodology. to each other). Methods have been proposed in the literature

The limitations and advantages of the proposed retimitigr reducing the process dependence of the clock skew to less
algorithm are compared with existing retiming strategies usirigan 10% of the total path delay [28].
a set of modified MCNC benchmark circuits. The results of The deterministic component of the clock delay for a
applyingRETSAMo the benchmark circuits show that a moreegion n [Icp_,,., (region = n)] can be calculated based
accurate retiming can be performed than with existing retimiren geometric distance information derived from the circuit
algorithms which do not consider variable clock distributiodayout. The distance information from a source node to any
register, and interconnect delays. Additionally, the clock psink node in an integrated circuit (IC) layout can be obtained
riod can be further minimized due to localized negative cloaither from routing information or using exploratory Steiner

APPENDIX A
ESTIMATING THE CLOCK DELAYS
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B |C | 7 . ] Fig. 13. A pathp with three registers and two vertices.
\ / F cannot be guaranteed on a synchronous circuit with arbitrary
L <y clock delays yielding arbitrary data path delays. It may be

preferable to design the clock distribution network to improve
o 12 A block di . e intearated cireuit lavout. T h_the computational efficiency of the retiming algorithm by
19. . ocC! lagram of an example integrated circuit layout. e cni . H . :
area is assumed to be partitioned into regions of similar clock delay. 8”5”””9 that all Path de!&}ys are monotonically increasing.
In Section VII-B, inequalities are presented that must be

satisfied by each individual data path to ensure monotonically

tree approaches [29], [30]. Calculation of the interconnegt. . qing path delays. The derivation of these inequalities,
resistances and capacitances directly from the IC layout 9) and (30), are provided in this appendix

Steiner tree can be achieved with standard circuit extracti NN Fig. 13, a path with three registers and two vertices with
techniques [31]. With this information, well-known teChniqueaelaysd(va),and d(vy) is depicted. For this path consisting

can be employed to estimate the individual clock delays (e.gf, three registersi, j, and k, necessary conditions for mono-

[13], [32]{35]). tonically i i
L y increasing path delays (smaller delays for subpaths
As observed from (A.1l), each region is attached a of larger paths) are

deterministic clock delayp_.,., characterizing that region.

A floorplan of a simple integrated circuit consisting of six Tpp(t, k) >Tpp(i, ) (B.1)
clock delay regions is depicted in Fig. 12. As an example, Tpp(i,k) >Tpp(j, k). (B.2)
assume that the total interconnect capacitance of the clock

line driving region A isCi,; = 300 fF, the total interconnect To provide intuition into how these inequalities are created,
resistance of the clock line iB;,; = 200 2, the on-resistance consider the graph of Fig. 9. In this figure, (B.1) and (B.2)
of the clock source isR;,. = 300 2, and this clock line can be used to ensure that the subpathandp, each have
drives 100 registers (four NMOS and four PMOS devices delay less than the longer pathMore generally, (B.1) and
per register). The geometric size of the NMOS and PMO@®.2) ensure that paths; ~ ¢; ande; ~ ¢, each have a
devices are 1im x 1 um and 20pm x 1 um, respectively. delay less than the longer path ~+ e.

Therefore, the total load capacitan€g of the module A can  Using (4), the following inequalities can be derived from
be approximated by (ignoring bulk capacitance) (B.1) and (B.2)

Cr, =100 x 4(Wpr + WNLN) . ;ﬂ =21 pF (A.2) TCﬁQ(Ci) + TImQ(Gi) + d(va) + TIntl(Cj) + TImQ(Cj)
- + d(vb) + TIntl(ek) + TSet-up(ek)

Clock Source

where Wp and Wy are the gate widths of the PMOS and

NMOS load transistorsLp and Ly are the gate lengths of + Tskew(eis er) 2 To—qlei) + Tine(ei)
the PMOS and NMOS load transistoks, is the permitivity + d(ve) + Ttae1(e;) + Tsetup(€s) + Tokew(eis €;)
of the gate oxide, andl,, is the gate oxide thickness (a value (B.3)
of 200 A is assumed). Therefore, the deterministic componept

- . — @ +Tn 7 +d a +Tn 7 +Tn j
of the clock delay (defined at the 50% point) from the clock” Q(e) + Tima(ei) + dva) + Twa(€) + Thmiz(e)
source to module A can be estimated as [33], [34] + d(vp) + Trne1 (ex) + Tsetup(er)

+ TSkeW(eiv Ck) Z TC—>Q(GJ) + TImQ(Gj)
+ d(Ub) + TIntl(Ck) + TSet-up(ek) + TSkeVV(Cj7 ek)-
(B.4)

TCDConst (7’Ggi0n = A)
= 0.4Rint0int + 0'7(Rt7’0int + RtrCL + RintCL)
= 0.4 x 60 ps + 0.7(90 + 6300 + 4200) ps ~ 7.4 ns

(A.3) DefiningTrrc(e) andTrrq(b) as the total setup and clock-

o o _ to-Q) delays of edges andb, respectively
This simple example presents an initial approach for estimating

the delays within a clock distribution network. Research is Trec(a) =Tsei-up(a) + Te—gla)

cur_rentl_y under way for developing more acqurate models for Trec(b) = Tset-up(b) + To—q(b) (B.5)
estimating these REC values. More sophisticated approaches o - .

for estimating IC area and performance characteristics cantbe following inequalities are obtained from (B.3) and (B.4)
found in [36]-[38].

Trp(j, k) > Trec(J) (B.6)
APPENDIX B Tpp(t,7) > Trec(j). (B.7)
DERIVATION OF THE MONOTONICITY CONSTRAINTS These two conditions, (B.6) and (B.7), can be transformed

In Section VII, the importance of monotonically increasingnto a simpler form by combining them. Assume a path with
path delays is described. Computationally efficient retimingvo edgess and b, respectively, and a vertex between these
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edges. The following condition is required to ensure that thiistribution network. In other words, the process of retiming
path delays increase monotonically with increasing path lengthd clock distribution network design are closely related. The
clock distribution network must be designed to satisfy (B.11).
Tpp(a,b) > max{Trec(a), Trea(b)}. (B8) o computational efficiency, retiming ?s best perfof?/m(ed o)n
Equation (B.8) sets a lower limit on the delay of a loca® Synchronous digital system with a properly designed clock
data path to ensure that only one inequality is requireglistribution network in which the negative clock skew of a
making the system of inequalities linear, thereby permittil§cal data path does not exceed the maximum tolerance of

the Bellman—Ford method to be used. There is also an up
limit that can be defined as

t path, as determined by (B.12).
Assuming (B.11) is satisfied, it may be possible to design

a clock distribution network which permits computationally

TpD(a,b) S C (Bg)

whereC' is the maximum permitted clock period of the circuit.
This upper limit is used to guarantee that each local data path
has a delay smaller than the maximum permitted clock period
of the synchronous circuit. Since monotonicity is guaranteed
by (B.8), a longer path will have a greater delay. Therefore,
the upper limit of (B.9) must be imposed on each local dat¥
path, since if (B.9) is not satisfied for each local data path, the
excessively long local data path delay will place a new lower
limit on the clock period of the circuit. If this upper limit is
greater than required, the long path must be removed.

Since Trp(a,b) depends on the clock delays driving theT(a

initial and final registers of the local data path between edg
e, and ¢, (B.8) is a constraint which is imposed on the
clock distribution network. Equation (B.8) can be expanded

efficient retiming. Equations (B.11) and (B.9) can be rewritten
as (B.13) and (B.14), respectively

here

TCD(b) - TCD(CL) S 'r(a, b) (B.13)
Tep(a) — Tep(b) <T(a,b) (B.14)

T(a,b) =C = Te—q(a) = Trua(a) — d(va)
- TSet-up(b) - TIntl(b)- (815)

,b) is the ‘positive clock skew tolerance of the local
ggta path from edge a to edge B
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In (B.11), 7(a,b) denotes a constant depending only on the
REC parameters of edgesandb. 7(a,b) can be calculated o
from (B.12) and is thefiegative clock skew tolerance of the
local data path from edge a to edge b (2]

T(CL, b) = TC—>Q (a) + TIntQ(a) + d(va) + TSet'up(b)
+ T1ne1 () — max{Trec(a), Trea(b)}. (B.12)

Note that in the more general case where the procesd
dependent parametér is nonzero,k must also be included [5]
in (B.12), i.e., 7(a,b) + k is used rather tham(a,b) as
the negative clock skew tolerance. Also note that sihde

. 6
always greater than zero, the negative clock skew toIeran({e]
of the local data paths decreases with increasing valués of
thereby further constraining the design of the clock distribution’)
network.

Another interpretation of (B.11) and (B.12) is that “the[8]
clock skew of any local data path cannot be more negative
than the clock skew tolerance of that local data path.” Ang)
observation of (B.8) is that strictly positive local data path de-
lays are required, i.e., “computationally inexpensive retimingl’io]
cannot be performed with the existence of race conditions.
This characteristic is a profound result in that it states th 1t1]
computationally efficient and accurate retiming cannot bé
performed on a circuit with an inefficiently designed clock

(B.11)

(3]
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