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Abstract

Retiming relocates registers in a circuit to shorten the clock
cycle time. In deep sub-micron era, conventional pre-layout
retiming cannot work properly because of dominant inter-
connection delay that is not available before layout. Al-
though some retiming algorithms incorporating interconnec-
tion delay have been proposed, layout information is still
not utilized effectively nor efficiently. Retiming and layout is
combined for the first time in this paper. We present heuris-
tics for two key problems: interconnection delay estimation
and post-retiming incremental placement. An efficient re-
timing algorithm incorporating interconnection delay is also
proposed. Experimental results show that on the average
we can improve the circuit speed by 5.4% targeted toward
a 0.5um CMOS technology. Scaling down the technology to
0.1um, as much as 25.6% improvement have been achieved.

1 Introduction

Retiming is a sequential logic optimization technique pro-
posed by Leiserson and Saxe [1]. It relocates registers to
reduce the cycle time and/or area while preserving the func-
tionality. Much effort has been made for retiming. Some ap-
plied retiming to reduce power[6], to improve testability[7],
or for latch-based circuits[8]. Some effort made retiming
practical by controlling the initial state of the circuit[9] or
reducing the run time[4].

However, without accurate interconnection delay, above-
mentioned approach cannot get the best circuit performance
when the process technology is down to half-micron or be-
low. This is because the interconnection delay has become
the dominant part of the path delay and the interconnection
delay is difficult to measure before placement and routing.

Post-layout retiming is a possible approach to take in-
terconnection delay into account. With layout information
back-annotated, we can estimate the delay and retime the
circuit accordingly. Incremental placement and routing tech-
niques must also be developed in order to retain most P&R
decision from the previous iteration.
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Figure 1: Estimation for three kinds of interconnection de-
lay: (a) adding a register, (b) deleting a register, and (c) an
unchanged wire.

In this paper, we propose a post-layout retiming tech-
nique. Heuristics have been developed for interconnection
delay estimation, retiming incorporating interconnection de-
lay, and post-retiming placement.

The rest of this paper is organized as follows. Three key
problems and previous work are described in Section 2. Our
system is introduced in Section 3. The retiming algorithm
is proposed in Section 4. Heuristics for interconnection de-
lay estimation and post-retiming placement are proposed in
Section 5 and 6, respectively. Experimental results are de-
scribed in Section 7. Finally, Section 8 concludes this paper.

2 Key Problems and Previous Work

We have to deal with three key problems: retiming incorpo-
rating interconnection delay, interconnection delay estima-
tion, and post-retiming placement.

Several retiming algorithms taking into account intercon-
nection delay have been proposed [2][3]. If we can annotate
a circuit with the interconrnection delay value changed after
retiming as shown in Figure 1, algorithms in (2][3] would
give the optimal retiming solutions. If the path delay mono-
tonicity constraint or the one-way extendable property can-
not be satisfied, the algorithms used in [2] and [3] are time-
consuming. Nevertheless, due to the placement variation,
neither the path delay monotonicity constraint nor the one-
way extendable property can be easily satisfied. Using faster
retiming algorithms with sub-optimal solutions may be ac-
ceptable because, after post-retiming placement, the opti-
mal retiming solution might no longer be optimal.

How to estimate the interconneciion delay for further
retiming is more important. Three kinds of interconnection
delay as shown in Figure 1 need to be estimated: adding
a register to a wire, deleting a register from a wire, and an
unchanged wire. The delay of an unchanged wire can simply
be assumed as the original delay. The delay of a register-
deleted wire is also easily estimated by generating a routing.
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Figure 2: Four possible configurations when a register is
placed between G1 and G2.
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Figure 3: Design flow.

The interconnection delay of a register-added wire is more
difficult to estimate. One possible method is to predict the
placed location for the added register, generate a routing,
and calculate the delay. Methods proposed in [11] can be
used to predict the location for the added register, but this
needs a powerful incremental post-retiming placement to re-
solve the possible congestion of registers.

Another difficult problem for interconnection delay es-
timation is to decide on which fan-out configuration will
occur since different configurations will lead to different de-
lay characteristics. For a three-fan-out structure as shown
in Figure 2, when estimating the interconnection delay for
the wire after inserting a register G5 between G1 and G2,
we have to choose among configurations (a),(b), (c), and
(d). Before the final retiming is done, we do not know which
configuration will occur.

The third key problem for post-layout retiming is to de-
sign an effective post-retiming placement procedure. Though
some incremental placement heuristics such as those in [10]
have been proposed, methods specific to the post-retiming
will perform better.

3 System Flow

The design flow is shown in Figure 3. The circuit is tech-
nology mapped using SIS[13]. A retiming transformation
ignoring wire delay is applied on the circuit. After initial
placement and routing, the design enters the ECO (engi-
neering change order) flow. The distributed Elmore inter-
connection delay[12] is back-annotated from the RC extrac-
tor. Then the unknown interconnection delay is estimated.
Retiming is applied according to the estimated delay. If it
succeeds, delay slacks are computed for forward-annotation.
The range for placing a register is calculated according to
the slack. Then a bipartite matching is carried out to de-
cide on where to place each register. Locations of all gate
cells are retained. The iteration of the ECO flow stops when
retiming fails or the user-given time limit expires.
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4 Retiming Algorithm

The algorithms proposed in [2] and [3] can be used in the
post-retiming design flow. However, because neither the
path delay monotonicity constraint nor the one-way extend-
able property is easily satisfied, we develop a new efficient
retiming algorithm incorporating interconnection delay as
shown in Figure 4. Signals are propagated from primary in-
puts for each path to identify the new location of each reg-
ister. A function a(v) is used for the signal propagation and
the retiming value r(v) can be obtained from a(v). a(v) is
dynamically updated by queuing and dequeuing gates when
traversing the whole circuit. Detail description for this al-
gorithm can be seen in [5] and
http://theda28.cs.nthu.edu.tw/~trash.

5 Interconnection Delay Estimation

Before or during the retiming process, the unknown inter-
connection delay must be estimated. As mentioned in Sec-
tion 2, three kinds of delay should be measured: adding a
register to a wire, deleting a register from a wire, and the
unchanged wire. The interconnection delay of an unchanged
wire is set to the original value since the post-retiming phys-
ical synthesis is done incrementally. In our approach, the
interconnection delay of a register-deleted wire is calculated
according to the relative cell locations.

For the interconnection delay due to adding a register,
we first decide on where to place the register on the layout.
We employ a heuristic that simply put the register at the
geometric center of its fan-in and fan-out cells as depicted
in Figure 5. Then, to be explained in the next section, we
round the location to the slot occupied by a register nearest
the geometric center. The interconnection delay is estimated
according to the slot position.

Another problem we have introduced in Section 2 is the
fan-out configuration decision. Before retiming is finalized,
we cannot predict which configuration will be chosen. Dif-
ferent configurations lead to different interconnection delays
and may cause different retiming solutions. We conserva-
tively use the configuration with the largest interconnection
delay. For the example of a three-fan-out node shown in
Figure 2, the interconnection delay from gate G1 to register
G5 is estimated based on configuration (b), and the inter-
connection delay from register G5 to gate G2 is calculated
using configuration (a).

6 Post-Retiming Placement

Whether a predicted cycle time could be achieved is up to
the post-retiming placement.

It is difficult to simultaneously place registers and alter
gate cell locations according to the assigned slacks. So we
decide to keep all locations of gate cells unchanged. The
interconnection delay estimated for the unchanged wire or
the register-deleted wire is easily met. The location for the
added register is naturally predicted to the slot nearest the
geometric center as shown in Figure 5.

After analyzing many circuits, we observe that most reg-
isters are not necessary to be placed at the estimated loca-
tions. Only the register that starts a path or ends a path
with delay close the cycle time should be placed near the es-
timated location. The range to place a register is controlled
according to slacks.

A slack value is assigned for each fan-in and fan-out node
of a register. It is the upper bound of the interconnection
delay between the node and the register, and is defined as

( cycle time — path delay ) / 2 +



asap_q_int_retiming(c)
/* initialization */
for eachv € V
r(v) « 0
a(v) — —o0
endfor
for each v € PI
a(v) +— 0
enqueue(queune,v)
endfor
for each v € PO
0. a(v) ~ 0
1. endfor
/* traverse the circuit */
12. while queue # 0

HEPO®NRoTR W

13. node u +— dequeue(queue)
14. for each v is a fan-out node of u
15. Gine + a(u) + d(u) — w(u,v) *x ¢
16. Timt — [ Gime [/ ¢ — 1
17. ay — Gine + est_d(u,v)
18. Tty — [ (@ +d(v))/c] -1
19. if ry < 7(v)
20. 7y e ()
21. endif
/* failure condition */
22. ifve PO
23. ifry >0
24. return FAILURE
25. endif
26. endif
27. ifry > rine
28. Greg — Gint + est_d(w,v,0)
29. Treg «— | Greg / ¢ — 1
30. if rreg > Tint

/™ a register would be put
in the edge from t to u */

31. r(u) «— r(u) + 1

32. for each t is a fan-in node of u

33. ay — r(u) * ¢ + est_d(t,u,w(t,u))

34. a(u) — max(a(u),aw

35, endfor

36. recover_queue_and._value_a_for fanouts_of_u()
/* break the loop of line 14 */

37. break

38. endif

/* else a register would be put
in the edge from u to v */

39. for each t is a fan-in node of v
40. G — Ty * ¢ + est_d(t,v,w(t,v))
41. ay + max(ay,a)
42. endfor
43. endif
/* update a(v) */
44, if ay > a(v)
45. a(v) «~ ay
46. r(u) — Ty
47. if v & gqueue
48. enqueue( queue,v)
49. endif
50. endif
51. endfor

52. endwhile
53. return SUCCESS

v vertex corresponding to a gate in the circuit
d(w): gate delay of v

w(u,v): number of registers between vertices u and v
est_d(u,v): estimated interconnection delay between u and »

est_d(u,v,i): estimated interconnection delay of ith section
of edge (w,v) when w(u,v) > 0

r{v): retiming value on v

afv): a propagation function to calculate r(v) by
r(v) = O ifve PI
r(v) = [(a(v)+d(v))/c]-1 ifv¢g Pl

c desired cycle time

Figure 4: The asap_q-int_retiming algorithm.
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Figure 5: Geometric center of nodes and the slot nearest the
geometric center.
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Figure 6: Register placement range calculation according to
slacks.

( the estimated interconnection delay ) (1)

( cycle time — path delay ) is the total slack for the path,
and is divided by two for the starting and ending parts of
the path. Under this definition, the slack for the node on the
critical path connected to the starting or the ending register
is exactly the estimated interconnection delay. This makes
the starting register or ending register very possibie to be
placed to the estimated location.

According to the forward-annotated slack, the placement
range for each register could be calculated. A region for each
node connected to a register is calculated for placing the
register with interconnection delay smaller than the slack.
As shown in Figure 6, the overlapping region for all nodes
connected to the register is the final placement range for the
register.

Since all gate cell locations are unchanged and register
cells are removed, there leave many slots on the layout. All
registers after logic retiming will be placed into these slots.
If the number of registers increases after retiming, we add
more slots to both ends of each cell row.

A register may have more than one slot to be placed
into. Decision for register-to-slot assignment is done by a
bipartite matching as shown in Figure 7.

7 Experimental Results

We conduct experiment using some large circuits from the
ISCAS89 and the LGSynth93 benchrnark sets. The circuits
with name extension ”.i” are from the ISCAS89 benchmark
set and those with ”.1” are from the LLGSynth93 benchmark



O.lum 0.25um 0.5um
Circuit Tnit | Final CPR | I/G Init | Final CPR | [/G | Tnit Tinal CPR 1 G
s5378.1 2.419 | 1.839 | 23.98% 1.41 2.965 2.724 8.12% _ 0.66 4.716 4.342 7.33% .37
s5378.1 || 1.872 | 1.851 | 1.11% | 1.02 || 3.175 | 2.688 | 15.34%  0.47 . 5.213 | 4.853 6.83% 0.26
$9234.1 2.177 | 1.818 16.47% 1.34 2.991 2.646 11.51% - 0.69 4.366 3.973 9.01% 0.39
s9234.n.] 2.652 2.482 6.41% 1.26 4.158 | 4.037 2.91% 0.57 7.308 6.883 5.81% 0.42
scf.l || 1.644 | 1.359 | 17.29% | 2.04 || 2.934 - - 0.38 5.415 - - [0.22
bbara_bbtas.] 2.046 | 1.578 22.89% | 0.81 2.752 - - 0.97 5.820 5.842 1.32% 0.23
dsip.l || 1.245 - -1 0.96 || 2.135 B - 071 3.750 - -] 0.52
s298.1 1.613 - - 1.85 3.326 | 3.153 | 5.18% 1.07 5.555 5.358 | 3.54% | 0.64
bigkey.l 1.796 | 1.335 25.64% 2.28 2.558 | 2.458 3.92% 1.91 3,660 - - 1.66
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s38417.1 || 3.279 - - [ 1.59 || 5.235 | 4.698 | 10.24% [ 0.75 8.965 | 8.551 | 4.62% | 0.33
s38417.1 || 3.183 - - ] 1.20 || 5.337 | 4.773 | 10.57% | 0.58 8.546 7.954 | 6.93% | 0.32
clma.l 6.544 | 5.797 | 11.41% | 3.10 9.746 | 9.467 2.87% | 1.38 17.013 | 16.400 | 3.60% | 0.78
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I/G : average interconnection delay over average gate delay CPR : Clock Period Reduction
Table 1: Performance Improvement
register slots register slot compared with that considering only gate delay. Experi-
G170 | S159a17s.G17e.G180 ments were also made for scaled down 0.25um and 0.lum
G161,G164,G167,G170,G173 G170 technologies ;nd the results' showed our capability of further
G173 | G176,G180.G183,Gi 91,G194 Gi7a performance improvement in future technology.
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G173.G176 G180, [3] K. N. Lalgudi and M. C. Papaefthymiou, “Retiming Edge-

Figure 7: Register assignment by bipartite matching.

set. All are run on SUN SPARC 5, SPARC 10, or SPARC
20 workstations.

Each circuit is synthesized for three kinds of process tech-
nologies to compare the retiming results under the differen-
t weights of interconnection delay. The 0.5um technology
is from the 0.5um CMOS cell library of TSMC[14], and
the 0.25um and 0.lum technologies are obtained by scal-
ing down the 0.5um technology. We compare the retiming
results with and without interconnection delay considera-
tions.

Cycle time improvements are listed in Table 1. The ini-
tial clock periods are listed in columns 2, 6, and 10. The
final clock periods are listed in columns 3, 7, and 11. A field
is filled with ”-” if the circuit cannot be retimed with in-
terconnection delay consideration. The ratio of the average
interconnection delay over average gate delay of a circuit is
also listed in Table 1 for reference. The results show that
our approach successfully reduces the clock period by 5.4%
on the average for 0.5um technology. When the intercon-
nection delay become more dominant in 0.25um and 0.1um
technologies, our approach achieves more improvements of
8.2% and 14.6%, respectively.

8 Conclusion

We have presented a post-layout retiming technique attempt-
ing to close the gap between conventional retiming and phys-
ical layout. Heuristics are proposed for two key problems of
post-layout retiming: interconnection delay estimation and
post-retiming placement. And an efficient retiming algorith-
m incorporating interconnection delay is also developed.
Experimental results showed an average of 5.4% improve-
ment in cycle time targeted towards a 0.5um technology
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