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Data Flow Partitioning with Clock
Period and Latency Constraints

Lung-Tien Liu, Minshine Shih, John Lillis, and Chung-Kuan Cheg8gnior Member, IEEE

Abstract—We propose an efficient performance-driven two- In [20], Liu et al. proposed a flow-based partitioning al-
way partitioning algorithm to take into account clock period and  gorithm using aretiming technique [18], [19] to explore the
latency with retiming. We model the problem with a Quadratic ,imate clock period of the circuit. The algorithm ensures

Programming formulation to minimize the crossing edge count i, . .
with nonlinear timing constraints. By using a Lagrangian Ap- that any critical path is cut at most once. They achieve clock

proach on Modular Partitioning (LAMP), we merge nonlinear Period reduction at the expense of crossing edge count. The
constraints into the objective function. We then decompose the partitioning results in 16.44% more crossing edges [20] than
problem into primal and dual subprograms. The primal pro-  the FM algorithm [8] without timing constraints.

gram is solved by a heuristic Quadratic Boolean Programming In addition to clock period, the primary input to primary

approach and the dual program is solved by a subgradient tout lat . ther i tant tf ircuit
method using a cycle mean method. Experimental results on sevenOUtPUL 1atency 1S another important measurement for circul

industrial circuits have demonstrated our algorithm is able to Performance. In this paper, our performance-driven partition-
achieve an average of 23.25% clock period and latency reductions ing method extends the problem of [20] to incorporate system

compared to the best results produced by 20 runs on each test|atency. In other words, we minimize the crossing edge count
case using a Fiduccia-Mattheyses algorithm. In terms of the of the hartition subject to the performance constraints that the

average number of crossing edges, our results are only 1.85% - . . - L
more than those of the Fiduccia-Mattheyses algorithm without clock period and latency achieved by using retiming are within

timing constraints. Compared with previous network flow based the given limits.
approach, our algorithm reduces the average crossing edge count Given the size and performance (timing) constraints, the

by 14.59%. Furthermore, an average of 7.70% clock period and partitioning problem using retiming is formulated as QBP
latency reductions are achieved. with linear constraints on the size limit and nonlinear con-
straints on the clock period and latency limits. By using a
Lagrangian relaxation the nonlinear constraints are merged
into the objective function as a Lagrangian problem. The
UE TO PHYSICAL GEOMETRIC distance and interface_agrangian problem is then decomposed into primal and dual
technology limitations, intermodule delay is contributingubprograms.
a dominant portion of signal propagation delay. Consequently, The performance-driven partitioning problem is solved
instead of minimizing the number of the crossing edgelrough the primal and dual iterations on the Lagrangian
[4], [8], [11], [14], [23], [27] as the only objective during problem. The primal program is a traditional partitioning
partitioning, we should take into account the intermodule delgyoblem without timing constraints and is solved by a heuristic
for performance-driven partitioning. Quadratic Boolean Programming approach [2], [26]. The dual
Clock period is a major measurement for circuit perforprogram is solved by a subgradient method [24] using the cycle
mance. For a partitioning problem with timing and size comean method [13]. According to the experimental results, the
straints, Shiket al.[25] first proposed d(-way Kernighan-Lin proposed partitioning algorithm can simultaneously enhance
(KL) [14] based algorithm. Later, Shih and Kuh [26] formuthe clock period and system latency considerably. Moreover,
lated the partitioning problem with timing and size constraintdie crossing edge counts of our results are comparable with
as the Quadratic Boolean Programming problem (QBP) withose of the FM algorithm without timing constraints.
linear constraints. Their approaches can generate a partitiorrhe remainder of this paper is organized as follows. The
such that the delay between registers satisfies the timiggncepts of retiming and latency are described and the per-
constraint. In terms of the crossing edge count, their algorithrfigmance driven partitioning problem is formulated in Section
consistently produce results comparable with Kernighan-Lin We present a quadratic programming formulation of the
and Fiduccia-Mattheyses (FM) [8] based algorithms withogiroblem in Section Ill. Section IV presents the algorithm.
timing constraints. Experimental results and concluding remarks are given in
Sections V and VI.
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registers among all possible pathdrom i to j, i.e.,
Wi, ) = min{r, | p € P}

where P is the set of all paths from nodeto j. We define

a pathp from ¢ to j as acritical path if r, equalsW (i, 5);

p is also called arlO-critical path if node: and ; are the
primary input and output nodes, respectively. dgtand ch

Fig. 1. An example of data flow graph, whereand E are primary inputs b€ the sum of combinational block delays and the sum of
and F" is a primary output. intermodule delays on path, respectively. Let

A. Data Flow Graph D, j) = maxidy +dy | p € Fe} @)
A synchronous digital circuit may consist of combinationavhere Fc is the set of all critical paths from nodeto j
elements and globally clocked registers. Each combinatiodld D(4, j) denotes the maximum delay over all critical paths
element has positive delay and size associated with it, whiflem node:i to j.
all registers have delay and size values equal to zero. System LatencyGiven a pathp from primary input: to
A directed data flongraphG = (V, E), whereV = RuUC, Pprimary outputj, we define the 10 latency betweérandj to
is adopted to represent the synchronous digital circuit, whe?e the minimum number of clock periods that pass between the
R and C are sets of register nodes and combinational blogignal arrival at nodéand its first effect on the output signal of
nodes, respectively, anfl is a set of directed edges whichnodej, as(W (i, j)— 1)1, whereT denotes the clock period.
correspond to signal flow in the system. Each nadeas Note that the primary inputs and outputs are register nodes. In
an associated size; and delayd;. As in [20], we assume Other words, the signal at primary inputakesW (i, j) — 1
that the combinational blocks are fine-grained. A node @ock periods to first change the output signal of the primary
called fine-grained, if it can be split into several smalleputput nodej. However, if there is no path betweérand j,
nodes. On the other hand, if a node can not be split, it e Set its latency to zero. Thus, we defisygstem latency N
called coarse-grained. An attributg denoting the number of of the whole system as the maximum IO latency among all
interconnections between nodeasnd; is associated with each possible 10 pairs [17], [9], [22], i.e.,
edge(i, 7). Furthermore, each edge isz#ro delayFig. 1 is an . . .
exam(ple)of such a graph. In Fig. 1, registers are represented by~ ¥ = max{W(i,j) = )T |1 €1, j€O} (2)
rectangles and pombipational blogks are.represented by Circ\ﬁﬁerel and O are the sets of all primary inputs and outputs,
A and E are primary inputs and’ is a primary output. respectively.
A path of_lengthk from a npdez t(,) a node; in a graph We use the example in Fig. 1 to illustrate the essence of
G = (V, £) is a sequencéio, iy, -, i) Of nodes such that latency. It takes at least three registels,C, and F' to walk
i = o, J = d @A (i-1,0) € Efor I =12,k A gom 410 F. Thus, the IO latency betweed and F is three
pgth IS smple, if all node; on the path are distinct. _A pat(gock periods. There are two simple paths frdio £'. One
{i0, 11, - -, i) forms aloop ifiy = ) and the path contains aty ¢ hree registers and the other has five. The 10 latency

Ie_as_t one edge. The_ loop is simple if, in addition,- -, i are  poyveenp and F is equal to two clock periods. The system
distinct. In the remainder of the paper, the terms path and Io%?

: . _“Idtency of the circuit is dominated by the IO latency between
are used to refer to simple paths and simple loops respective and F, the value of which is three clock periods
A two-way partition P = (V1,V2) maps V' into two Retimi,n : Given a data flow grapid = (V. E .where
modules, such that; UV, = V andVy NV, = 0. The g grap (V> E)

e limits of th dul g & ds V = RUuC, let I € R and Orp C R be the set of
Upper size Imits of t ese modules are enote PW” 2» primary inputs and outputs, respectively. A retiming of a data
respectively. An edgéi, j) is acrossing edgef P if node ¢

o ) flow graphd is an integer labeling of combinational, primar
and nodej are in different subsefs; andVs. In this paper, the in utg ar|10d primary out?)ut nodeﬂgc UIRUOg — Z pThe y
tedrm .CUt stan.ds f(;)r t.hﬁ crossing edégel C%Lé;;' Each .Crojs'ﬂé)iming specifies a transformation of the original graph in
S gﬁ IS ars130c|:|ate BW|t an intermo u'e. xddetermme which registers, except primary inputs and primary outputs,
y the technology. By contrast, noncrossing edges incur 2ef, mqyeq across combinational blocks (and 10O registers in
delay. Furthermore, the intermodule delay on crossing ed%ﬁr case) so as to change the graphinto a new graph

is inherently coarse-grained and cannot be split. G = (V' E") where VI = R U C. Let »I' denote the
number of registers on path from ¢ to j after retimingIl.
B. System Latency and Retiming According to [19], we have (3).
In this subsection, we first introduce system latency and 7}? = rp+ 11(j) = 11(). A3)

retiming. Then, a theorem formalizing the conditions under

which the required clock period and system latency can Hell(j) — 1I(¢) is positive then the register count of each path

achieved for a given circuit via retiming is presented. from< to j is increased by the amouHt ;) —11(¢) by retiming.
Given a patlp, we user, to denote the number of registersOtherwise I1(:) — I1(j) registers are deleted. Furthermore, we

on the path. LetW (i, ) denote the minimum number ofhave Theorem 1 (derived from [19, Theorem 7]):
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Theorem 1:Let G = (V, E) be a data-flow graph, where4] for greater detail. Since the combinational blocks are fine
V = RUC and letK be an arbitrary positive integer. Furthergrained, a combinational block nodevith delayd; is split into

let II be an integer functionll is a legal retiming ofG d“d‘;t combinational block nodes each having unit delay. Given
achieving a clock period of{ iff: a data flow graph = (V, E), a new graph = (V', E')
i) TI(i) — II(j) < W(4,4) for any two nodesi andj € is constructed, where each combinational blockVihis of
C U Ig U Op. unit delay andE’ denotes the extented set of edges fréin
i) II(s) — II(j) < W (i,j) — 1 for any two nodes and;j Therefore,|V'| is given byn - + |R|. Given the graph
€ C U IR UOg such thatD(i, j) > K. G = (V' E), it takesO((nz— + |R|)*) time to calculate

Statement i) expresses that the register count between nodisvalues of alD(z, j). After all D(i, j) have been calculated,
i and j cannot be negative. Statement ii) shows that at le3¥¢ can enumerate all constraints of i), ii), and iii). Then, the
one register must be kept on the critical path froro j if Bellman-Ford algorithm is applied to determine if retiming
it has a delay larger thafi. Once statement ii) holds, [19] €@n achieve the target _clock period and system Iaten_cy. Since
states that every path fromto j with delay larger thanke  the Bellman-Ford algorithm takeS((n ;- + |R|)| E'|) time,
will have at least one register. the time complexity of the algorithm ftor finding a feasible

If i) and ii) hold, the retimingII achieves clock periodc. €timing is dominated by the time com(;i)lexity ofgcalculating
By (3), the register count of each path fraro j is augmented the values of allD(z, j), which is O((ng<— + |R]|)”). Note
by an equal amouril(;) — I1(i) through retiming. Therefore, that the retiming algorithm in [19] satisfies only conditions

if a pathp from 4 to j is critical before retimingyp is still i) an(_JI ii)._ Therefore, the time complexity of the algorithm in
critical after retiming. [19] is different from ours.

In order to achieve a system latency Hf clock periods, _
we incorporate the following condition: C. Iteration Bound and Latency Bound

i) II(j) — II(z) < H— W(4,j) for anyi € Ig and any Iteration Bound: While retiming can reduce the clock pe-

7 € Org. riod of a circuit, there is a limit to the amount of improvement

Statement iii) enforces that each IO-critical path has no mdp@ssible imposed by feedback loops in the circuit [21]. Given
than H registers. ThuslI can achieve a system latency Bf @ l00pl, let d;, d;, andr; be the sum of combinational block
clock periods. Therefore, ifl satisfies the conditions i), ii), delays, the sum of intermodule delays, and the number of
and iii), IT is a legal retiming ofG, achieving a clock period registers in loo, respectively. The delay-to-register ratio of

of K and a system latency df clock periods. a loop! is equal toleJ:dl. The iteration boundof a circuit is
Time Complexity:We first present an algorithm to deterdefined as the maximum delay-to-register ratio, i.e.,

mine if a circuit achieves a clock period &f and a system R

latency of H clock peri.ods by using retiming. From the J = max { = +di lleL (4)

statements in the preceding paragraph, the problem of finding a ’

retiming which can achieve a required clock period and system . . -
latency is equivalent to finding a functidhfrom CUIrUOR yvher_eL Is the set Of. all Io_ops_ m_the circuit. Note that the
to integers which satisfies all constraints i), ii), and iii). jteration bound of a given circuit yields a lower bound on the

other words, we need to determine the feasible values for gﬁ:\};?\{ed ClOCCk lpe,r\;lod bﬁ reltjllmmlg:j. h ial h

the unknowndI(:) under a set of inequality constraints with Inimum Cycle Mean ProblemFor the special case where

the form of I1(4) — 11(j) < w; ;, wherew, , is a constant each edge contributes exactly one register, the iteration bound
= Uig,j5, (2¥] ’

ttp{gcomes a minimum cycle mean [13]. In our test cases, each
mbinational block node connects two register nodes. Thus,
e can adopt the minimum cycle mean algorithm proposed by
Karp [13] to calculate the iteration bound and the edges that
contribute to the bound. Given a graph, the time complexity
of Karp’s algorithm isO(nm), wheren and m denote the
number of nodes and edges, respectively.
Latency Bound:Let p denote the IO-critical path with
aximum path delay among all 10-critical paths franto

problems. We can use the Bellman-Ford algorithm (see [5,
532]) to determine if there exists [d which satisfies all the
constraints. Given a grapff = (V, £), the time complexity
of the Bellman-Ford algorithm i®(|V||E|).

Given a data flow graplG = (V,E) whereV = RU
C, let n = |C], and d and d,,;; denote the maximum
and minimum delay value among all combinational block
delays, respectively. We show that finding a retiming Whicﬁ1 . . .

) . ! 7. Since the number of registers on patfs equal toW (s, j),
can achieve a required clock period and system latency pr . U . <
- - . e 10 latency (i.e., W (i,j) — 1)) = T) betweeni and j is
determining that no such retiming exists) can be done In - .
O((n+4— + |R|)?) time. Before enumerating all constraintd ©t less thani,, + d,,, whereT’ denotes the clock period, and
it d, andd, are the sum of combinational block delays and the

of i), i1), and iii), the values of allW(i,j) and D(i, j) for ; .
eac)h p)air of nones and;j in C U Ir U(O};g])are be éoﬁ?puted. sum of intermodule delays on path respectively. Thus, we
Sefinelatency bound Mas follows:

The Floyd-Warshall all-pairs shortest-paths algorithm (see
p. 558]) can be adopted to compute the values offalt, 5) M =max{d, +d, | p € Pooc} (5)
andD(i, j). Given a graph, the Floyd-Warshal algorithm takes

O(|V]?) time, whereV denotes the set of nodes of the givemhere Pio¢ is the set of all 10-critical paths. The latency
graph. The reader can see thlgorithm WD in [19, Section bound also imposes a lower bound on the system latency
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Module 1 Module 2

(@) (b)

Fig. 2. Effect of retiming. (a) Retiming reduces clock period from three units of original circuit to two units and system latency from 24 units te. 16 uni
(b) Retiming reduces clock period from five units of the partitioned circuit to four units and achieves a system latency of 32 units.

Module 1 Module 2

(a) (b)
Fig. 3. Effect of partitioning. (a) A partition with two units clock period and 18 units latency. (b) A partition with two units clock period and llatenity.

achieved by using retiming. An all-pairs shortest-paths algo-Given a partition P = (V1,V5), let J(P) denote the

rithm can be used to calculate the latency bound. iteration bound andd (P) denote the latency bound with
Timing Constraint: The timing constraints adopted by ourrespect toP. Now we statethe performance-driven

algorithm are based on the limits imposed by the iteratiqsartitioning problem as follows.

and latency bounds. In other words, given two numh&rs  Given a data flow grapliz = (V, E), whereV = Ru C,

and H, our performance-driven partitioning algorithm willand each nodeé has sizew;, two numberskK and H, size

generate a partition with iteration and latency bounds nggnstraintsS; andsS,, and intermodule dela§, find a partition

greater thanK and H, respectively. We have two reasong — (V1, V2) with the minimum number of crossing edges,

for using the iteration and latency bounds, instead of actuallypject 0 ey, 5i < S1v Diev, S0 < Sa2, J(P) < K, and

performing the retiming during the process of the partitioning,s(p) < H. ! ’

i) It is faster to calculate these bounds. ii) The iteration and |t g and & are large enough, the above problem becomes

latency bounds give lower bounds on the clock period ange traditional two-way partitioning problem of minimizing the

system latency achievable by applying retiming. Furthermorg, mper of the crossing edges while satisfying size constraints.

from our experience these bounds are very good predict@ffce our problem is inV? and the traditional partitioning

of system performance after retiming is applied, particularb/romem is A"P-Hard, the performance-driven partitioning
in the fine-grained case. Therefore, we want to generatepl%mem is alsa\VP-Hard.

partition with small iteration and latency bounds. Examples in Figs. 2 and 3 illustrate the essence of the

performance-driven partitioning problem. In Figs. 2 and 3,

shaded octagons denote crossing edges. In these examples,
D. The Performance-Driven Partitioning Problem we assume combinational block delays are one unit and

Since the performance of a circuit is measured by bothtermodule delays) are two units. Registef and register

clock period and system latency, we want to generate (adenote primary input and primary output, respectively.
partition which achieves a good clock period and system Given the circuit in Fig. 2(a), the clock period is dominated
latency by adopting retiming. In practice, we use the iteratidyy the longest combinational node delay between registers,
and latency bound limits as the timing constraints. Retiminghich is fromA to B with a delay of three units. There are two
is then performed after partitioning to derive the exact clockimple paths from nodekto O. One path has nine registers,
period and system latency. the other has 10 registers. Therefore, the system latency of
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this circuit is eight clock periods, i.e., 24 units. HoweverBoolean variables is the following:

using retiming, we can move registé& to a new location as

indicated by the dashed line. The resulting longest paths are hp(x) =dp+ > 8w, +w2i21,;) (7)
from A to B and fromB to C. Both paths have an improved (@.3)ep

delay of two units. Furthermore, the system latency beco”\ﬁﬁeredp and Z(i Hep 6(x1,i72,5 + T2,471,;) denote the sum

16 units, substantially less than the original 24 unit. Becauag combinational block delays and the sum of intermodule

the iteration bound, which is determined by the left loop, 'aelays on patly, respectively
two units, we cannot obtain a smaller clock period, Let us formulate the performance-driven partitioning prob-

Suppose the circuit is partitioned into two mOdUIe?em by adopting a vector of Boolean variables to represent a

[Fig. 2(b)]. The clock period is five units before retimin S I L N
because of the delay on the longest path frdnto B. After gg? rélrt::)sr;.ir;;heeggbéesctlve function is to minimize the total costs

retiming shiftsB to its new location as indicated by the dashe
line, the .delay is four units and Fhe system latency ingregses min Z ¢ij(T1 o + Toi21 ). (8)
to 32 units. On the other hand, in Fig. 3(a), before retiming, G)CE

the clock period is three units; hence, compared to Fig. 2(b),

a better partition can automatically improved performance. #ubject to the following constraints:

we perform retiming as shown by the dashed lines, the delayC1: (Size Constraints)

in Fig. 3(a) is reduced to two units. Retiming adds one extra "
register P between the combinational nodeand registeiO. be ;5 <5, ¥V modulesh € {1,2}. (9)
This results in a system latency of nine clock periods or 18 =

units. However, in Fig. 3(b), we also achieve a clock period

of two units while achieving a system latency of only eight €2 (Generalized Upper Bound Constraints)

clock periods. Hence, Fig. 3(b) is preferred. 2
> a,;=1 Vnodesi€V. (10)
[ll. QUADRATIC PROGRAMMING FORMULATION b=t
OF PERFORMANCEDRIVEN PARTITIONING PROBLEM C3: (Iteration Bound Constraints)
In this section, we introduce a vector of Boolean variables gi(z) < KV loopsl. (11)

to represent a partition. Given the timing and size constraints,
the performance-driven partitioning problem can thus be rep-C4: (Latency Bound Constraints)
resented by a Quadratic Boolean Programming formulation »
with linear constraints capturing the size limits and nonlinear hy(z) < H ¥ 10-critical pathp. (12)
constraints for the iteration and latency bounds. The nonlinear, I that if (i. 1) i . q o o
constraints are then absorbed into the objective function adrecall that if(i, j) is a crossing edger iy, + 21,
a Lagrangian problem. Finally, the Lagrangian problem equa_ls to 1. The_reforecij is contributed to the object|ye
decomposed into primél and dl;al subproblems ﬁngtlon. ConstraintC'1 expresses that the t_otall node sizes

' assigned to modulé cannot be beyond the size limi,. C2
states that each node should be placed into one and only one
A. Quadratic Boolean Programming Formulation module. Constrain€'3 enforces that the delay-to-register ratio

Let x;; denote a Boolean variable, wherg ; is 1 if of each loop is not greater thad. Thus, the iteration bound
node ¢ is assigned to modulé, and z;; is otherwise 0. of the partitioned circuit is not greater thdf. Similarly, C4
Therefore, given a data flow graphi = (V, E), a two-way limits the total delay of each IO-critical path.
partition can be described by a vector of Boolean variablesWe don’t have to specify all loops in constrai@i8. Since
z = (11, ", T1n,T21, ", T2,), Where|V| =n. every loop is composed of simple loops, we have the following
Given a partition represented by a vector of Boolean vatemma:
ables, we express the delay-to-register ratio of a loop and.emma 1: Given a numbedt, if g;(x) is not greater than
the total delay of a path in terms of the given Booleak for all simple loops!, theng;(x) is not greater thad for
variables. If(4,7) is a crossing edge, the value of the ternall loops .
x1 %2, + 2,421 45 1S equal to 1; otherwise;, ;22 j + x2 %1 5 Lemma 1 implies that only the simple loops need be
equals 0. Given a loofy let g;(x) denote the delay-to-registerconsidered in constrain®'s.
ratio of [. ¢;(x) can be written as
B. Lagrangian Problem

di+> 0 e 0z 470 5 + T2 ;21 4 . .
)= ! Z(z,;)ez (x139 5 2,i%1,5) (6) A vector of Lagrange multiplers is used to merge the
" nonlinear constraints of the performance-driven partitioning
problem into the objective function. Let. and x, repre-

whered;, vy, and}_; e 6(21,i%2,; + ©2,i71,5) represent the _ -
sum of combinational block delays, the number of registef§Nt the number of the simple loops and IO-critical paths,

and the sum of intermodule delays in lodp respectively. respectively, and\ denote the ve_ctor of Lagrgnge multip_lers
Similarly, the total delay:,,(z) of pathp in terms of the given (Ao Ag-s Aras w5 An,, ). Using Lagrangian relaxation

g (37
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[24], we absorb the constraints (11) and (12) into the objective QBP Method for Primal Problem

function (8) as a Lagrangian problem as follows: Let each edgd(i,j) be associated with a cost ;. From

(18), the primal problem becomes a traditional partitioning

Tﬁ%‘ Hisz(x’ A (13) problem of minimizing the total costs of crossing edges while
satisfying the size constraint. Note that the primal problem
subject to constraint€’l and C2, where does not incorporate any timing constraint. Any traditional
partitioning algorithm [4], [8], [11], [14], [23], [27] can be
L@\ = Y eij(@ie,; +12.71,) adopted to solve the primal problem. We adopt a heuristic
(4,4)EE Quadratic Boolean Programming method (QBP) [2], [26] to
+ Z Ag (gi(z) — K) optimize the primal problem, since QBP is easily extended to
v simple loop 1 handle multiway partitioning.

+ > M, (hp(z) — H).  (14)
V IO-critical path p

B. Subgradient Method for Dual Problem Using Cycle
The Lagrangian problem is decomposed into two subproktean Approach

lems. : .
. Once a solution\ of the dual problem (15) is generated,
a f[l),l Lrjliligrzosmlea:n\./eeclt\(/)i\n ?evezto(ris V\fﬁhﬁgn tLeep;eusaeln;rgltjér?]sformula (16) is applied to updatg the edge costs_. Given an
can be written as Vo A ' edge(s, j), we need all\,, of the simple loops passing, ;)
and all Ay, values of the IO-critical paths passifg, j) to
calculatea;; as in (16). The number of such simple loops
mi%( La(A). (15) and IO-critiJcaI paths may be exponential in the number of the
) nodes of the given data flow graph.

_Primal Problem: Let [ ; and @; ; denote the set of the  powever, we do not enumerate all loops and paths when
simple loops and 1O-critical paths passing eddej). We  calculating edges costs by (16). Instead, only some particular
rewrite (14) in terms of edges. Let us defing; and 3 as |gops and paths are considered. For an optimal solution to
follows: problem (15), the vector of Lagrange multipliekshas the

S properties that,, and A, are larger than zero only if(x)
@ij = Cij + Z E)‘gz + Z 6An, (16) and hy(x) are not less tha( and H. We define these loops
leFs ; PEQi,; and paths asactiveloops and paths, respectively.

Active Loops and PathsA simple loop! is called active, if
gi(x) is not less thark. An 10-critical pathp is called active,

8= E : Agy <ﬂ _ K) if h,(x) is not less thand. If a loop or path is not active,
V simple loop i we call it inactive.
Active Edges:An edge(¢,7) is active, if it is traversed b
+ S A (d, — H). (17) ve =09 9e(?,j) ve . y
£ » an active loop or an active path. (if, 5) is not active, we call
V IO-critical path p o .
it inactive.

Given a vector\, we can represent (14) as a function of vector Dominant Loops and PathsA simple loop [ is called a
z, i.e., Ly(z). Thus, the primal problem can be rewritten asdominant loop of edgds, j), if I has the maximum delay-
to-register ratio among all loops passifgj). We define an
min L(z) = min Z ai j(@1im2; + 72.71,) + B (18) |O-critical pathp to be a d.ominant path af;, ) if .the total
)k dela)_/ of pathp is the maximum among all 10-critical paths
passing(z, ).
subject to constraint<’l and C2, where 3 represents the Dominant Prices: If [ is a dominant loop of¢, ;), we define
constant contributed by, the number of registers, the node the dominant-loop price ofi, j) as the delay-to-register ratio
delay d; of loop I, etc. of [. If p is a dominant path of, j), then the dominant-path
price of (¢, 5) is given by the total delay of
Given an edge = (4, ), let f. be the dominant-loop price
IV. LAMP of ¢ and letr, be the number of registers on the dominant
We adopt a Lagrangian Approach on Modular Partitioninigop of ¢. We randomly choose a dominant loop to calculate
(LAMP) which solves the performance-driven partitioning. if ¢ has multiple dominant loops. Lef. represent the
problem through primal and dual iterations on the Lagrangiatominant-path price o defined analogously.
problem. A heuristic Quadratic Boolean Programming algo- Updating Edge Costsin practice, only dominant prices of
rithm [2], [26] is used to solve the primal problem and generatach edge are determined and the edge cost is updated by
a solutionz. For the dual problem based an the values the subgradient approach [24]. Equation (16) is not used to
a; ; for the next primal-dual iteration are updated using thealculate the edge costs, since it needs to generate all the loops
subgradient approach. The iteration proceeds until the bousmd paths. We utilize the minimum cycle mean algorithm [13]
of all loops and paths are within the given limits. to calculate the dominant-loop price of each edge. An all-
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pairs shortest-paths algorithm can be adopted to compute the TABLE |

dominant-path price of each edge. CHARACTERISTICS OF TEST CASES
At the kth iteration, letz* and Cut* denote the derived

x vectqr and crossing edge count of the primal p_roblem, cir. | #treg. | #comb. J B

respectively. Letzé“j be the cost of edge at thekth iteration.

We adopt the subgradient method to generate the new edge sysl 342 8,280 6,373 | 5,447

cost aﬁ-l as sys2 | 472 3,378 0 4,421

sys3 | 521 6,325 | 2,527 | 3,238

‘ ‘ ‘ 6 sysd | 380 3,850 | 4,922 | 5,545
aé“jl:max{O, a;“’j +tk*(fe—K)*f y

Te sysb | 545 12,172 | 4,241 | 4,876

sys6 | 357 | 3,026 0 | 3,724
sys7 | 607 | 4,990 | 996 | 3,563

+t* (g — H) = 5} (19)

where ¢t* is defined as
\Cut* — Cutk| D. Algorithm Complexity
& uw et uw
S o —KP+S. ol — HP (20)  Given a data flow grapl? = (V,E), let n = |V| and
el e cer 1 m = |F|. Thus, the time complexity of the all-pair shortest-

. ! 3 o )
and « and Cut* are two given positive numbers. By (19),path algorithm isO(n*). The minimum cycle mean algorithm

. . IR .
we increase the costs of active edges and decrease thos@%‘?slo(@m) ;ume.r;l'_he cqmplefxny of QBZ i8)(n”). ;’fg)e tlrr1ne h
inactive edges, using subgradient approach. This captures(f gplexity of each iteration of LAMP is dominated by the the

actual direction of the edge cost changes of active and inact spair shortest—path. algorithm. qu simplicity, the step; 3-6
edges with respect to (16) of the algorithm are iterated a maximum number of 20 times.

Therefore, the time complexity of our algorithm d(n?).

th =

C. Algorithm
We perform primal-dual iterations to solve the performance-

V. EXPERIMENTAL RESULTS

driven partitioning problem. Le’ and H denote the iteration N OUr experiments we used the same seven industrial
circuits from [25], [26] as our test cases. The test cases range

and latency bound limits, respectively, a@dt* and « repre- "~ o
sent the estimated crossing edge count and a positive valfleSiz€ from from 3026 to 12172 combinational blocks and

respectively. The LAMP algorithm is described as follows: from 342 to 607 registe_rs. Al combi_n ational blocks are of
LAMP Algorithm: unit size with the exception of some in test cayslwhich

1. Assign values td€, H. o and Cutt have size 2. Five of thesg circuits contain feedback loops.
2' Initialize k — 0- a(‘;' :’ . ' External-Loop Cpnstrgmt:Even though.a sy;tem may havg
' P ok k trky o no feedback from its primary outputs to its primary inputs, it
3. Cal QBP to generate p’?rtltloﬁ’ = (V. V) with can interact with external systems. Hence, macroscopically,
crossing edge_ FOSEUNP )- ) there possibly exist external feedback loops from primary
4.2 Use_ the minimurm cycle mea”."?"go”thm to_ Calcula‘iﬁltputs to primary inputs. We call ths assumptionelkeernal-
the iteration bound of the partitioned circuit arfd loop constraint According to the external-loop constraint, we

andr. of each edge; ) have to take into account the path delay. Given a pdtiom
b. Use an all-pair shortest-path algorithm to calculate t ‘?imary input to primary output, lef,, d},, andr,, be the sum
latency bound ang. of each edge; of combinational block delays, the sum of intermodule delays,

c. If iteration and latency bounds are not greater than
and H respectively, then stop.
5. Computet® by (20).
6. For each edge = (i,j) € E: d ad
Computea’ ' by (19). B = max{ SR
7. Setk — k+1 and goto 3.
A heuristic Quadratic Boolean Programming algorithm [2lwhere Pio is the set of all paths from the primary input to
[26] is called to solve the primal problem and generate the primary output.
solution z at Step 3. For the dual problem based anwe Table | shows the characteristics of these test cases. The
call a minimum cycle mean algorithm [13] and an all-pairsecond and third columns list the numbers of registers and
shortest-paths algorithm to obtain the dominant prices of eaobmbinational blocks, respectively. In the fourth and fifth
edge at Step 4. If the bounds of all loops and paths satigfglumns we have théeration bound Jand thepath delay
the constraints, the algorithm stops; otherwise, we calculdieund B defined in the following subsection, respectively.
the subgradient on the dominant prices and update the val@#scesys2 andsys6 don't have feedback loops, their iteration
a; ; for the next primal-dual iteration at Step 5 and 6. Byounds are equal to zero.
following the suggestion of [24], the parameteis setto 1.3  For performance-driven partitioning, one parameter to be
in our experiments. decided is the value of intermodule delayAs indicated in

and the number of registers on pathThe path delay bound
of a circuit is defined by

|pe PIO} (21)
Tp
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TABLE I TABLE 1lI
TIMING CONSTRAINTS WITHOUT EXTERNAL-LOOP CONSTRAINT CROSSING EDGE COUNT WITHOUT EXTERNAL-LOOP CONSTRAINT
l cir. | K I H iteration | exe I FM | TTC | FTC | LAMP
sysl | 6,373 | 18,195 1 665 circuit | cut cut cut cut
sys2 | 2,652 | 9,758 3 173 sysl | 2,860 | 3,144 | 3,043 | 2,991
sys3 | 2,527 | 13,624 1 553 sys2 | 875 | 878 | 948 663
sysd | 4,922 | 25,807 2 244 sys3 | 1,422 | 2,236 | 1,952 | 1,254
sysb | 4,241 | 32,347 1 949 sysd | 1,045 [ 1,467 | 1,258 | 820
sys6 | 2,236 | 10,239 1 181 sysb | 3,465 | 4,889 | 4,889 | 3,542
sys7 | 2,137 | 10,673 1 263 sys6 848 | 1,175 | 1,004 827
sys7 | 1,103 | 1,304 | 1,304 | 1,007

[6], the intermodule delay can increase to nearly 100% of
the clock cycle period. Therefore, we seto be of 60% of ) i
T* = max{J, B}, which is calculated before partitioning. For Crossing Edge CountTable 11l shows the experimental re-

example, the intermodule del&associated witlys7 is equal sults regarding crossing edge count without the external-loop
to 2137, since the valué™ of sys7 equals to 3563. constraint. The reductions in crossing edge counts are as

We compared our algorithm LAMP to the Fiducciafollows. When compared to FM, LAMP achieved4.58m_4
Mattheyses (FM) algorithm [8], Topological Timing cut24.23% with an average reduction of 8.85%. LAMP achieved

(TTC) [20], Flow Timing Cut (FTC) [20] and the Shih-4-87~ 44.10% with an average reduction of 24.26%, versus
Kuh (SK) algorithm [26]. The SK algorithm was devised tof TC. When compared to the FTC, LAMP achieved 11
generate a partition such that the delay between registers38f76% with an average reduction of 21.81%.

the resulted partition is within a given timing limit. However, Clock Period: Table IV gives detailed information for our
the SK algorithm does not take retiming into consideratiogXperiments on clock period. In the first ro@;, associated
The TTC and FTC algorithms are the first algorithms to tak&ith FM is the maximum delay between registers before
retiming into consideration. The objective of the FM algorithmetiming. In Table IV, with the exception of the first and
is to minimize the crossing edge count without any timingecond columns, each column contains two subcolumns. The
constraints. All algorithms were executed on a single-processtata in the first subcolumn represents thealue derived from
SUN SPARC 10 workstation under the C/UNIX environmen{4) after partitioning. Thel’ value in the second subcolumn
The results of FM are chosen from the best of 20 runs eadh.the clock cycle period of the partitioned circuit achieved
The size limit of each module was set to 60% of the circuity retiming. Note that we adopt the retiming algorithm of
size. In the following, we present both the experimental resu[ts9]. J, calculated after partitioning, will dominate the optimal

with and without the external-loop constraint. clock cycle period during retiming. However, if < §, then
6 will dominate the clock cycle period becausgeis not
A. Experiments without External-Loop Constraint decomposable.

. . . . Because all of the loops in our test cases are quite small
Table Il shows the timing constraints used in the experi- P q

ments. In the second columA, represents the iteration boun nd strongly connected, no loops are cut by TTC, FTC’ and
S . ) . ) AMP for all test cases. However, FM cuts the loopssifs3
limit (i.e., the iteration bound with no intermodule delays).

. ; -~ ’and sys5. Therefore, LAMP, TTC, and FTC obtain the same
For most test cases, the value Bf is equal to the iteration . ; .
bound J before partitioning shown in Table I. Fosys2 iteration bound and clock period for all test cases. Compared
sys6, andsys7, K is equal to the intermodule delay sinc’e with FM, LAMP achieves 38.41% and 38.48% clock period

their iteration bounds are less tharand the clock period is reductions forsys3 and sys5, respectively.

dominated by the intermodule delay. In the third colunth, _ BY using the clock period generated by LAMP to be th?
stands for the latency bound limit. The LAMP algorithm haliMing constraints, we made comparisons with Shih and Kuh's
another parametemt*, which denotes the estimated crossin§SK) performance-driven partitioning algorithm [26]. For all
edge count. We seff and cut* from the results of TTC. est cases, SK does not produce feasible solutions. Note that

Computational experiments shows that the determination 9K generates a partition where the delay between registers is
cut* did not have a great influence on the performance wiithin the timing constraint. Therefore, we have demonstrated
the algorithm. Therefore, if the result of TTC is not availabldhat retiming can achieve better clock period.

the reader can use any well-known bipartitioning package toSystem LatencyTable V gives the detailed information
estimate crossing edge count. The fourth column shows tiggarding our experiments on system latency. In Table V, with
number of iterations LAMP takes to stop. The last columtie exception of the first column, each column contains two
reports the average execution time of each iteration of LAM$ubcolumns. The data in the first subcolumnais derived

in seconds. Generally speaking, the execution time of LAMPom (5) after partitioning.}’ in the second subcolumn is

is comparable to that of the FM algorithm. However, TTC anidhe system latency of the partitioned circuit obtained through
FTC are much faster than LAMP. retiming.
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TABLE IV
ITERATION BOUND J AND CLOCK PERIOD T" AFTER RETIMING WITHOUT EXTERNAL-LOOP CONSTRAINT
FM (T) FM TTC FTC LAMP
circuit J T J T J T J T
sysl 9,456 6,373 6,373 | 6,373 6,373 | 6,373 6,373 | 6,373 6,373
sys2 7,074 0 2,652 0 2,652 0 2,652 0 2,652
sys3 6,801 3,908 4,103 | 2,627 2,527 | 2,527 2,527 | 2,527 2,527
sysd 9,258 || 4,922 4,922 | 4,922 4,922 | 4,922 4,922 | 4,922 4,922
sysb 9,435 || 6,268 6,894 | 4,241 4,241 | 4,241 4,241 | 4,241 4,241
sys6 8,656 0 2,236 0 2,236 0 2,236 0 2,236
sys7 6,597 |[ 2,137 2,137 [ 2,137 2,137 | 2,137 2,137 | 2,137 2,137
TABLE V
LATENCY BouUND M AND SYSTEM LATENCY M’ AFTER RETIMING WITHOUT EXTERNAL-LOOP CONSTRAINT
M TTC FTC LAMP
cir. M M’ M M’ M M’ M M’
sysl || 20,418 25,492 [ 18,195 25,492 | 18,195 25,492 | 18,195 19,119
sys2 || 11,785 15,912 | 9,758 10,608 | 9,789 10,608 | 8,127 10,608
sys3 || 16,897 20,515 | 13,624 17,689 | 14,872 17,689 | 13,308 17,689
sys4 | 25,951 34,454 | 25,807 34,454 | 25,843 34,454 | 25,594 29,532
sysb || 37,853 41,364 | 29,014 29,687 | 29,014 29,687 | 28,435 29,687
sys6 || 11,147 13,416 | 10,239 13,416 | 9,973 13,416 | 9,502 13,416
sys7 || 13,283 19,233 | 10,673 12,822 | 10,673 12,822 | 10,140 12,822
When compared to the FM, TTC, and FTC algorithms, the TABLE VI

latency reductions are as follows. Versus FM, LAMP reduced

TIMING CONSTRAINT WITH EXTERNAL-LOOP CONSTRAINT

M by 1.37~ 31.03% with an average reduction of 18.25% | cir. | K I iteration | ere ]
and reducedV!’ by 0 ~ 33.33% with an average reduction of 116373 1 >
19.54%. When compared with TTC, LAMP reducfl by 0 Sys ) 8 8

~ 16.71% with an average reduction of 4.85% and reduced sys2 | 5,207 7 20
M’ by 0~ 25.00% with an average reduction of 5.61%. When sys3 | 4,020 11 99
compared with FTC, LAMP reducedf/ by 0 ~ 16.97% with sys4 | 6,360 19 47
an average reduction of 5.73% and redudéd 0 ~ 25.00% sysb | 6,367 1 114
with an average reduction of 5.61%. sys6 | 4,502 5 19
B. Experiments with External-Loop Constraint syst | 3,644 1 38

According to the external-loop constraint, we have to take TABLE VI

into account the path delay in the calculation of iteration
bound. In this case the clock period of a given partitioned

CROSSING EDGE COUNT WITH EXTERNAL-LOOP CONSTRAINT

circuit is dominated by FM | TTC | FTC | LAMP
A = max{J, B}. circuit | cut cut cut cut
Since there possibly exist external feedback loops from sysl | 2,860 | 3,144 | 3,043 | 3,134
primary outputs to primary inputs, the register count of each sys2 | 875 | 878 | 948 847
path from primary input to primary output cannot be changed sysd | 1,422 | 2,236 | 1,952 | 1,629
after retiming; otherwise, the functionality of the circuit will sys4 1,045 | 1,467 | 1,258 | 1,032
be.m_odlflled. Thus_, according to (2), th.e system Ia}te_ncy after sysb | 3,465 | 4,889 | 4,889 | 3,478
retiming is proportional to the clock period after retiming. We 5ys6 848 | 1.175 | 1.004 817
imposed only the iteration bound limit in our experiment with 2 !
external-loop constraint. Therefore, LAMP does not call an sysT | 1,103 | 1,304 | 1,304 | 1,141

all-pair shortest-path algorithm to compute the latency bound.

Table VI shows the timing constraint. In the second columand the average execution time of each iteration, respectively.
K represents the iteration bound limit. The third and fourtBince LAMP does not calculate the iteration bound, the execu-
columns stand for the number of iterations that LAMP takd#®n time listed in Table VI is much less than that in Table 1.
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TABLE VI
ITERATION BOUND A AND Crock PerioD T' AFTER RETIMING WITH EXTERNAL-LOOP CONSTRAINT
FM (T) FM TTC FTC LAMP
cir. A T A T A T A T
sysl 9,456 8,371 9,238 | 6,373 6,653 | 7,076 7,076 | 6,373 6,653
sys2 7,074 || 7,074 7,215 | 5,207 5,310 | 5,342 5,342 | 5,206 5,310
sysd 6,801 5,338 5,444 | 4,760 4,760 | 4,976 4,976 | 4,019 4,099
sys4 9,258 8,239 8,631 | 7,661 7,661 | 8,083 8,083 | 6,360 7,505
8ysH 9,435 7,666 8,432 | 7,674 7,827 | 7,674 7,827 | 6,366 6,493
sys6 8,656 6,544 6,544 | 5,611 5,611 | 5,334 5,429 | 4,502 5,042
sysT 6,597 5,103 5,227 | 3,897 3,897 | 3,897 3,897 | 3,644 3,935
Crossing Edge CountTable VII gives our experiments re- TABLE IX

garding crossing edge count. The reductions in crossing edge

SK’s ReESULTS WITH EXTERNAL-LOOP CONSTRAINT

counts are as follows. When compared to FM, LAMP achieved SK
—14.55~ 3.65% reduction with an average ef..85%. \ersus cir. T cut
TTC, LAMP achieved crossing count reduction of 0.31
30.46% with an average of 18.92%. When compared to the sysl | 6,653 | X
FTC, LAMP achieved—2.99 ~ 28.86% reduction with an sys2 | 5,310 | 923
average of 14.59%. In general, LAMP produced crossing count sys3 | 4,099 X
results comparable to FM and much better than TTC and FTC. sysd | 7,505 X
Clock Period: Table VIII gives the detailed information of sysH | 6,493 | 3994
our ex'periments. The data in thg fir§t subcolgmn represents the sys6 | 5,042 X
T derived from (22) after partitioning. Th& in the second sys7 | 3,935 | 1,275

subcolumn is the clock cycle period of the partitioned circuit
after retiming. When compared to the FM, TTC, and FTC, the

clock cycle period reductions are as follows. When compared . . . .
with FM, LAMP achieved 16.95 31.20% reduction ind each test case using a Fiduccia-Mattheyses algorithm. In terms

with an average reduction of 24.92% and 13/0427.98% of the number of the crossing edges, our result is only 1.85%
reduction inT with an average reduction of 23.25% f@t more than the result of the Fiduccia-Mattheyses algorithm

When compared with TTC, LAMP achieved @ 19.76% without timing constralnts._ .
reduction in A with an average of 10.44% and0.97 ~ Fgrthgrmorg, we can easily expand our algquthrﬁ(twvay
17.04% reduction iril’” with an average reduction of 6_01%.part|t|on|ng, since QBP can handlé-way partitioning.
When compared with FTC, LAMP achieved 2.56421.31%
reduction inA and an average reduction of 12.25% an@l97

~ 17.62% reduction inl” with an average improvement of The authors would like to thank F. Berman, E. A. Lee, and
7.70%. K. K. Parhi for their helpful discussions about system latency.

Using the clock period generated by LAMP to be the timinghanks are also given to the reviewers for their valuable
constraints as shown in second column of Table IX, Table Igggestions.

shows the experiment results of SK algorithm. For most test
cases, SK does not produce feasible solutions.

System LatencyBecause the system latency after retiming
is proportional to the clock period after retiming with the [l T- Bui. C. Heigham, C. Jones, and T. Leighton, “Improving the perfor-
external-loop constraint, LAMP achieves 23.25%, 6.01%, and mance of the Kernighan-Lin and simulated annealing graph bisection

algorithms,” inProc. ACM/IEEE 26th Design Automation Cqnf989,
7.70% reductions, respectively, compared with FM, TTC and pp. 775-778.
FTC.
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