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To save energy of VLSI systems flip-flops (FFs) are grouped in Multi-Bit Flip-Flop (MBFF), sharing a
common clock driver. The energy savings strongly depends the grouping. For 2-bit MBFFs the optimal
grouping turns into a minimum cost perfect graph matching problem. For k-bit MBFFs the optimal
grouping turns into a minimum cost exact k-covering problem. We show that due to their special setting
that is based on the FFs’ data toggling probabilities, those problems are well-solvable in O (nlogn) time
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1. VLSI energy savings by multi-bit flip-flop grouping

One of the major energy consumers in computing, communi-
cation and consumer electronics and other devices is the system’s
clock signal, typically responsible for 30%-70% of the total switch-
ing energy [13]. Flip-flops (FFs) are the heart of digital systems,
used to synchronize their operation and store the system’s state. To
drive the FFs, a clock signal is distributed across the chip through
a clocking network. FFs consume most of the clock energy. Within
a FF, most of the energy is consumed by its internal clock driver.
For simplicity, non-essential VLSI design details are ignored, and
the interested reader can find those in any VLSI design textbook
(e.g. [15]).

k-bit data is usually stored in k individual FFs, where each of
those has its own internal clock drivers. In an attempt to reduce
the clock energy, a technique called Multi-Bit Flip-Flop (MBFF) has
lately been adopted by the VLSI industry [10,4]. A k-bit MBFF com-
bines several FFs integrated in a single entity, such that a common
clock driver is used for all the k internal FFs rather than k drivers.
The energy savings achieved by using MBFFs is considerable, and

* Corresponding author at: EE Dept., Technion - Israel Institute of Technology,
Haifa 32000, Israel. Tel.: +972 3 5317208; fax: +972 3 7384051.
E-mail addresses: wimer@ee.technion.ac.il, wimers@biu.ac.il (S. Wimer).

http://dx.doi.org/10.1016/j.0rl.2014.05.010
0167-6377/© 2014 Elsevier B.V. All rights reserved.

may reach up to 20% of the entire system’s energy. The savings de-
pend on the average (expected) data toggling probability p of the
individual FFs, called data toggling probability, switching probabil-
ity, or shortly probability. We use those terms interchangeably. By
definition, there is 0 < p < 1, where p = 0 when the data is never
toggling and p = 1 when the data is toggling at every clock cycle.
Fig. 1 shows the energy ratio of two and four individual FFs to that
of 2-bit and 4-bit MBFFs, respectively. To find the energy savings,
we divide the energy difference between k individual FFs and k-bit
MBFFs, by the energy of the k individual FFs. For small p it shows
savings of (1.6 — 1) /1.6 = 35% fork = 2and 2.2 —-1) /2.2 =
55% for k = 4. For high p the savings is (1.18 — 1) /1.18 = 15% for
k=2and (1.3 — 1) /1.3 = 23% for k = 4. In typical VLSI systems
0 < p < 0.2, so high savings is expected.

Combining MBFFs with Data-Driven Clock Gating (DDCG)
considerably increases its energy savings. Ordinarily, FFs receive
the clock signal regardless of whether or not their data will toggle
in the next cycle. In DDCG the clock signal driving a FF is disabled
(gated) when the FF’s state is not subject to change (toggle, switch)
in the next clock cycle [7,17]. Due to the high hardware overhead
involved in generating those signals, it was suggested to group
several FFs and derive a joint disabling signal for those. The
group size k yielding minimum energy depends on the toggling
probabilities [17]. The problem of what FF should belong to what
group so that the energy is minimized was studied in [18]. It
was shown that under energy model based on the 0/1 toggling
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Fig. 1. Energy savings dependency on toggling probabilities of 2-bit and 4-bit
MBFFs.

correlation of the FFs, the problem is NP-hard, and a practical
heuristic solution based on Minimum Cost Perfect Graph Matching
(MCPM) was devised [16].

Applying DDCG in MBFF design methodology was proposed
in [5]. However, the grouping in [5] and in other MBFF works
[11,19,14] was not aware of the data togging probabilities and cor-
relations, thus a big amount of potential energy savings was left
untreated. The work in [ 16] used toggling correlation to derive the
optimal FFs grouping for DDCG. It required huge data of 0/1 tog-
gling vectors of all the FFs, obtained by simulations, which is a se-
rious design burden. Furthermore, the corresponding optimization
problem is NP-hard as mentioned before, and heuristic solution
was thus proposed.

In this paper we simplify the optimal grouping formulation by
considering FF probabilities rather than their 0/1 toggling vectors.
The simplification implies an optimization that is a kind of minimal
cost exact k-covering problem, where for k = 2 it turns into
MCPM, formulated as follows. Given n real numbers (data toggling
probabilities of FFs) p; € [0,1], neven, 1 < i < n,p; <
p < --- < py, find a perfect matching (s;, ), 1 < j < n/2,
of the integers 1, 2, ..., n, minimizing the following energy loss
expression (discussed in Section 3)

n/2

Zps]

Fork > 2,letnbe aninteger multiple of k. Consider the partitioning
(called also exact k—covering) of {1,2,...,n} into n/k disjoint
subsets S’  {1,2,...,n}, |Sf| =k ;¥ =1{1,2,...,n}. Denote

by (Am, B, ) the partitioning of S 1 < m < (’;) such that ‘A’m‘ =

—py) +py (1-py)-

= A, UB, and A, N B}, = . The minimum cost

exact k-covering problem (discussed in Section 4) is to find those
§,1 <j < n/k, minimizing the energy loss expression

)
Y JIes[Ja-po.
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While the minimum cost exact covering problem is NP-hard in
general [9], we prove that in our special setting it is well-solvable,
requires only sorting. Well-solvable cases of hard combinatorial
optimization problems are well-known and have been studied by
many works. Just a few to mention are special cases of Traveling
Salesman Problems (TSP) [2], Steiner tree problems [1], Quadratic
Assignment Problems (QAP) [3] and Bounded Knapsack Problem
(BKP) [6]. Well-solvable quadratic assignment problems was used
for VLSI interconnect design optimization [8].
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The rest of the paper is organized as follows. Section 2 presents
the MBFF energy consumption model. Section 3 shows that the
2-bit MBFF optimal pairing is MCPM problem, well-solvable by
sorting of FFs’ toggling probabilities. Section 4 shows that the k-
bit MBFF optimal grouping is a minimum cost exact k-covering
problem, that it is also well-solvable by sorting of FFs’ toggling
probabilities.

2. Energy consumption of multi-bit flip-flops

The energy E; consumed by an ordinary 1-bit FF grows with its
toggling probability p as follows:

Ei (p) = a1 + Bip. (1)

The parameter « is the energy of the FF’s internal clock driver,
and the parameter $; is the energy of data toggling. For 2-bit MBFF
there are three possible scenarios: none of the FFs toggle, a single
FF toggles and both FFs toggle. Assuming toggling independency,
the energy consumption E; is

Ex(p) = aa (1—p)> +2(a2+ B2)p(1 —p) + (a2 +2B2) p°
oy + 26,p. (2)

The parameter «; is the energy of the internal clock driver which
drives the two FFs, and the parameter S, is of data toggling
energy of one bit in the 2-bit MBFF. The energy savings factor
2E; (p) /E; (p) is shown in Fig. 1. Obviously, the lower the data
toggling probability is, the higher the savings factor is.

For the general case of k-bit MBFF, let o be the energy of
the MBFF's internal clock driver driving its k FFs, and let the
parameter Sy be the data toggling energy of one bit in the k-bit
MBEFF. Considering all the combinations of toggling FFs, the energy
consumption Ej, is

Ex(p) = Z(oek +iBe) ( )ﬂ (1-p*7. (3)

j=0
Rearrangement of (3) yields

k

k
%y (f) Pa—p T4 (f) P (1—p

=0 =0

Ek (p)

= o + kByp. (4)
The equality Z]’-‘:O (?)]p’ (1=p)*7 = kp in (4) follows from

j (?) =k ( ).The energy savings factor 4E; (p) /E4 (p) is shown

in Fig. 1.
3. Optimal FF grouping of 2-bit MBFF

Let FF; and FF; toggle independently of each other with
probabilities p; and p;, respectively. We denote by FF;; their
grouping (pairing) in the formation of a 2-bit MBFF. Similar to (2),
the energy E;;, consumed by FF ) is Eqjy = a2 + B2 (pi + pj).-
For FF;, FFj, FF, and FF, paired in two MBFFs FF ;, and FF ), the
energy consumption is E(,"j) + E(k’j) =205+ ,32 (p, + Dj + pr + p;),
which is independent of the pairing.

Pairing considerably affects the energy consumption when
DDCG is applied. Recall that with DDCG the clock pulse is disabled
when the data of a FF will not change (toggle) in the next clock
cycle. Since in MBFF the clock signal is common to all FFs, when
none of FF; and FF; is toggling, the clock pulse of FF ; is disabled
and its clock driver does not waste any energy. When both FF; and
FF; are toggling, the clock pulse of FF; ;, is enabled and the energy
of the clock driver is fully useful, hence no waste occurs. Energy
waste occurs when one FF is toggling, while its counterpart does
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not. There, the common clock pulse is enabled and is driving both
FFs, whereas only one needs it, thus causing a waste W; ) of half
of the clock driver energy,

(b —p)+p(1-p)]= 2pipj) - ()

We are interested in the minimization of W; ;. Applying DDCG to
FF j, and FF ), the following energy waste results in

(%) 2
Wiy = Y > (pi +pj —

(%)
Wiy + Wiy = 3 [pi (1= pj) +p; (1 —py)

+ pe(1—=p) +pi (1= pp)l
(2%]
=3 [pi + b + b+ P — 2 (P + i) ] - (6)
While the linear term of the right-hand side (6) is independent of

the pairing, the quadratic term does. W(; j, + W is minimized
when p;p; + prp; is maximized.

Lemma 1. Given p; < p; < px < p;, the pairing {FFj, FF .} is
optimal.

Proof. It follows that (W(i,j) + W(k,l)) — (W(i,k) + W(jy[)) = —u
(i —p) (pj — px) /2 < 0. Similarly, (Wi j + W) — (Wi +
Win)=—c2(pi—pi) (pj—p1)/2<0. =

Let n be even (odd n is discussed later) and P : {FF, ) } be a

pairing of FFq, FF,, .. ., FF, inn/2 2-bit DDCG MBFFs. The followmg
energy waste W (P) results in

n/2 n/2

ZW@ w="5 2 (1=p) (1=py). Q)

i=1

It follows from (6) that W (P) is minimized when Z:fl Ps;Py; is
maximized. The optimal pairing could be found in polynomial
time by applying a MCPM [12] to the n-vertex complete weighted
graph, the vertices of which are FF; and its edge weights are p;p;,
1 < i < j < n.The observation made for pairing of four FFs
hints that optimal pairing should prefer FFs with close switching
probabilities to reside in the same MBFF. The generalization for
pairing of n FFs is subsequently discussed, proving that it can be
found in O (nlog n) time complexity by sorting.

W (P) =

Theorem 1. Let n be even and let FF4, FF,, . .., FF, be ordered such
that p; < p, < -+ < py. The pairing P : {FF(Zi—l.Zi)}:ZZ] minimizes
W (P) given in (7).

Proof. Eq. (7) shows that Wy;, ;,) is independent of the order of
the FFs within a pair. It is therefore assumed w.l.o.g that for a
pair (iy, ip) there is p;; < p;,. By (7) W (P) is independent of the
order of the pairs in the summation, so P is assumed w.l.0.g to be
increasingly ordered such that (i1, i) precedes (ji, j2) iff p;, < pj,,
1 < i1,j1 < n/2andi; # j;. Assume in contrary that there

is an increasingly ordered pairing P’ : { FF (5, 1521)}7 ; P £ P,
minimizing W. Let us compare the n/2 pairs of P with those of
P’ by their order, namely FF;_1 2 € P with FF(SZI,_ sz) € P,
1 <i < n/2. Let FFyj_1, € Pand FF(SZ sy) € P’ be the first
unmatched pairs. It follows from the increasing order of the pairs
that syj_q = 2j — 1and s > 2j.

Consider the pair FF;;) € P’ which follows FF(y; 4,y € P
Let us derive a pairing P” from P’ by exchanging FF;,; with FFy;.
Assume w.l.o.g that s;; < t. The pairing P’ and P” thus differ on
{FF(zj_l.szj), FF(ZJ,O} C P and {FF(zj,l_zj), FF(SZJ.J)} C P, and are

identical on the rest n/2—2 pairs. The inequality w (P") —w (P) <
0 follows from Lemma 1, thus concluding that P is optimal. M

The time complexity of finding the optimal MBFF pairing
is O (nlogn) since only sorting of FFs’ toggling probabilities is
required. In case of odd n we could artificially add a never toggling
FF, hence p = 0. Theorem 1 will apply, and the optimal pairing
yields FF(3 3y, . .., FF(n_1.n), whereas FF; will stay unpaired.

4. Optimal FF grouping of k-bit MBFF

The hardware overhead involved in DDCG may sometimes
make its application questionable for groups comprising two FFs.
It has been shown in [17] that DDCG is very useful for groups of
three and more FFs, depending on their toggling probabilities. We
subsequently analyze the case of k bit MBFFs. Let FF;, . ;,) denote a
k-bit MBFF comprising FF;,, ..., FF;, and consider its energy waste
,,,,, iv- When none of its underlymg FFs is toggling, its DDCG
dlsables the clock pulse, so energy is not wasted. Other than that
DDCG enables the clock pulse. When all the FFs are toggling, the
clock pulse is anyway required by all the FFs, so there is no energy
waste. A waste occurs whenk —r, 1 < r < k — 1, of the FFs are

toggling, while r are not. There are (’:) events of this kind and they
are pairwise distinct. Since the clock pulse drives r non-toggling
FFs, the energy waste is o, /k multiplied by the probability of that
FF;, into A, and
B, the indices of the toggling and non-toggling FFs, respectively,
AnUBy =iy, ..., ixh AnN By = 2, |An| = k—rand |By,| =T.
The corresponding energy waste is therefore

k
o
Wi, = 2N 1_[ Ds l_[ (1—pe). (8)

X r=1 m=1s€An teBm

Consider n = 2k FFs FF; , ..., FF;,,, ordered such that p;, < p;, <

© < Diyy = Diy- We subsequently generalize Lemma 1 for
k > 2.1t is shown that the minimum energy waste occurs for the
grouping {(i1, ..., i), (i1, - - -, i2x)}, namely, the k FFs with the
smaller probabilities in one group while the k FFs with the larger
probabilities in the other.

event. Foreach1 < m < (l:) we split FF;,, ...,

Lemma 2. Given 2k FFs FF; , .. FFIZk satisfying p,] <p, <=

Piy_1 =< Diy- The grouping {(11, ooy i), (kgts - - -, g)} minimizes
the energy waste.

Proof. Assume that there exists a grouping {(ji, . .
,jo2k)} such that W, iy + W(Jk+1~»---]2k) is minimal, but {j, . .. ,jk}
# {i1, ..., 0} (and hence {jxy1,....Ju} # {ikr1, ..., 0n}). W
split the indices of the smaller and larger probabllltles L =
{i1,...,ix} and H = {iky1, ..., ik}, respectively, such that L =
rul,I'nl” =@,H=H UH” and H " H" = g, as follows:

. 7jk) (j’(+1a cee

L'={iy,....i) N0 {1, ...,k

U =iy, ..oy ied O frgty o eo o) ©)
H' = {icr1, - id 0 s oo did

H" = {ikg1, - oo i) O Qs - - oo Jizk) -

Foreverym,1 < m < (’:) we further split L', L”, H’, and H”

according to their corresponding k — r toggling FFs A}, and r non-
toggling FFs By, as follows:

I'=A'UB:, A'NB =g
" =AY UBY,
H = A" UBY,
H" = A" UB",

L// L/!
AL NBY =
H' H'
AT N BY =
H// H//
AT NB = o
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Consider the energy wastes occurring by the grouping { (1, . . ., jx)

(jk+1s e stk)} and the grouping {(i1s ey lk) ) (ik+1» ey iZk)}-
Substitution of (10) in (8) yields the following expressions

,,,,,,,,,,

k
< ) (am) (bm) (cm) (dm)
U k=1 r e —
=2 | [ [In[la-po [T =P
r=1 m=1|cepll  seall  teBl teBll
(em) (fm) (gm) (hm)
e ——
+ [Ies []ps [JO=p0 [T O=po | (11)
seAl)  seal”  reBl teBtl
Wity + Wi, i)
)
(am) (em) (cm) (gm)
o k=1 r = ——
=2 | [IeIIp[Ta=po [T=po
r=1 m=1|cepll el  teBl teBL!
(bm) (fm) (dm) (hm)
—— ——
+ [Ies []ps [TO=p0 J]T O=po |- (12)
serl  seal”  reptl test”

The partial products in (11) and (12) are identified by appropriate
symbols. Using those symbols, we obtain

ne

% Z Z[(amemcmgm+bmfmd )

- (am mcmdm+emfmgm m)]

k
k— r
?k r (amCm _fmhm) (emgm - bmdm) =< 0. (13)

1
r=1 m=1

The inequality in (13) follows since the terms comprising the
product a,,c,, are all smaller than those comprising f,h,, while
the terms comprising the product e,g;, are all larger than those
comprising b,,d,,. We conclude that the grouping {(i1, e i),
(k15 - - - iZk)} minimizes the energy waste. W

Assume that nis divisible by k (the case where n is not an integer
multiple of k is discussed later). The k-bit grouping of n FFs extends
the 2-bit case discussed in Section 3. We subsequently show
that the optimal k-bit MBFF grouping can be found in O (nlogn)
time complexity by sorting. Let P: {(ski—1)+1, - - skl)}n/k be a
grouping of FFy, FF,, ..., FF, in n/kk-bit DDCG MBFFs and let
W (stioty 1. msi) be the energy waste of FF (s ) givenin (8).
The total energy waste W (P) is

1)+10--5ki

n/k

W(P) Z W(Sk(x 1)+1s000s Sk:) (14)

The optimal grouping implies a minimal cost exact k-covering
problem that is NP-hard in general [9]. In the setting of our problem
though, where the costs of the groups are obtained by sum of
probabilities products, it is well-solvable, as subsequently shown.

Theorem 2. Let n be divisible by k and let FFq, FF,, ..., FF, be
ordered such that p; < p, < < pn. The grouping P:

{ki—1D+1,..., ki)}?:/’; minimizes W(P) given in (14).

Proof. Eq. (8) shows that W(skiz1ys1....5¢) 15 independent of the
order of the FFs within a k-bit group. It is therefore assumed
w.l.o.g that there is Sgi—1)+1 < Ski—D42 < < S Since
W in (14) is independent of the order of the terms in the sum-
mation, P is assumed w.l.o.g to be increasingly ordered such
that (Ski—1)4+1, - - - » Ski) precedes (SeG_1)+1. - - -, Si) iff Sei—1)41 <
Skj—1+1.for 1 <i,j <n/k andi #j.

Assume in contrary that there is an increasingly ordered group-
ing P - { (Sk—1)+1s - - - » sk,-)}:i’;,P’ # P, minimizing W. Let us com-
pare the n/k groups of P with those of P’ by their order, namely
(k(i—1)+1,..., ki) € Pwith (Sgi—1)1, ..., 56) € P, 1 <i <
n/k.Let (k(G—1)+1,...,kj) € Pand (Skj-1)41,---,5) € P’
be the first unmatched groups. It follows from the increasing order
of P and P’ that sj_1)+1 = k( — 1) + 1, while for the rest in-
dices of the first unmatched groups there is {sij_1)+2, - - ., S} #
{k(i—1) 42, ..., kj}. Consider the group (Sg+1. - - .. Skj+1)) € P’
succeeding (Sgj—1)+1. - - - » Sij) € P'. By the increasing order of the
indices in a group, si+1 € {k(G—1)+2,...,kj}, as otherwise
kG—1D+1,....k) € Pand (Sej-1)41.---.5) € P’ would
have been be identical.

Let us derive a grouping P’ from P’ by rearranging the
2k indices of {Sg—1)41, .- -, SkjsSkj+1: - - - » Skg+1) | such that the k
smaller ones reside in a group (tkj—1)+1....,ty) € P”, while
the k larger indices reside in a group (fii1, ..., tg+n) €
P’, where the indices are renamed appropriately. Other than
{(SkG=1+1+ - -+ Sk) » (Sii1s - - - Skgn) | € P/ and {(tg—1y41. - - -,
tii), (t,q-+1, e tk0+1))} C P”, P and P” are identical on the rest
n/k — 2 groups. It then follows by Lemma 2 thatw (P”) —w (P) <
0, which contradicts that the energy wasted by P’ is minimal, thus
concluding that P is optimal. M

The time complexity of finding the optimal k-bit MBFF grouping
is O (nlogn) since only sorting of FFs’ toggling probabilities is
required. If nis not an integer multiple of k, we could artificially add
r = n — n mod k never toggling FFs, and their toggling probability
is therefore p = 0. The problem comprising n+r FFs thus obtained
obeys Theorem 2. The artificial FFs FFq, FF,, ..., FF;_, will then be
grouped in a (k — r)-bit MBFF, whereas the rest n — k-+r FFs will be
grouped in |n/k| k-bit MBFFs. It should be noted that Theorem 2
is still valid for p; < p, < --- < py, where any equality can be
arbitrarily resolved.
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