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Abstract— We propose REWIRED (REgister Write Inhibition
by REsource Dedication), a technique for reducing power dung
high level synthesis (HLS) by selectively inhibiting the sirage of
function unit (FU) output data into registers. Registers ae gen-
erally inferred in HLS when data produced in one clock cycle §
used in a later cycle. However, when it can be established ththe
input registers to an FU are not changing values during a cedin
period, the outputs during this period can be directly read df the
FU output pins without needing to store them in registers. Wien
the life-times of such data are short, it may be possible to ¢o-
pletely eliminate the register storage operation, therebyeducing
power. We present a genetic algorithm formulation and a heuistic
for maximizing the number of register stores that can be inhbited
in a scheduled data flow graph (DFG) during behavioral syntheis.

|I. INTRODUCTION
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graph. The power optimization problem was formulated as a
max-cost multi-commodity flow problem in [5, 6]. In [7], the
authors presented an allocation algorithm for low powerlby a
lowing all the storage elements to be implemented in latches
while minimizing the spurious operations in functional tsni
A formulation for generalising low power register allocatito
multiple basic blocks is given in [3]. Further, an attempnh ca
be made to reduce power by keeping the inputs of FU’s stable
to the extent possible by doing an appropriate registecadlo
tion [10, 11].

We propose REWIRED, a new behavioral synthesis optimi-
sation that attempts to reduce power dissipation throudna-e
ing the frequency of register stores. Our technique is gidho
nal to most of the above ideas, and can be applied in conjunc-
tion with them.

Il. MOTIVATION

High level synthesis consists primarily of scheduling,dun
tion umtl aIIocaﬂon/bmdmg, ano! register al!ocat|0n e In traditional HLS, when a DFG edge crosses a clock cycle
Scheduling determines the mapping of operations to cloek ¢ : . >

) . . -boundary after scheduling, a register is inferred for stpthe
cles; FU binding determines the actual resources perfcgm|r\1/a|ue This helos to free U functional units after perforani
each operation; and register allocation assigns phystcad+ : P P P 9

ters to store data produced at FU outputs. As the power redLEE-e operation in the current cycle, so that those functionib

tion techniques at behavioral level have a significant impac can be reused to perform other computations in the lateesycl
the synthesized results, researchers have targetedditemal
behavioral synthesis sub-tasks for power optimizatiordidia P
tion to the conventional metrics of area and performance.

In HLS, data generated by FUs in each cycle are stored in
registers if they are used at a later time. Consequenthadthe
tion of writing (storing) into registers occurs very freauly in
any design. This makes the register sub-system an atgactiv g
target for power optimization, and motivates us to take aelo (a) Simple DFG
look at register allocation decisions. In this paper we psap
to depart from the conventional HLS strategy of storing FUWig. 1. Data Flow Graph
output data of scheduled operations in registers evergcsc!
guing that the data can still be read off the FU output pinsaf w
have established that the FU input registers have not clddnge Consider an example DFG with three add operations as
the intervening cycles. When such opportunities exist, are ¢ shown in Figure 1(a). Assume that the DFG has been sched-
save power by avoiding the writing of the data into registers uled with two adders and each add operation requires one cy-

Power aware register allocation has received consideastble cle. One possible schedule with binding of the DFG is shown
tention from researchers. In [4], the authors presentedyaava in Figure 1(b). The controller and datapath for this schedl
calculate the switching activity based on the assumptian thshown in Figure 2. PS and NS are the present state and next
the joint probability density function of primary input rdom  state columns; M1 and M2 are the MUX select signals; and R1
variables is known or a sufficiently large number of input-vecand R2 are register load signals.
tors is given. After computing the switching activity bewve An alternative implementation, corresponding to the sehed
pairs of data values that could potentially share the saige raule of Figure 1(c), is shown in Figure 3, with no register in-
ister, the power-aware register assignment problem isdermferred fora, and the output oft; being sent directly to the
lated as a minimum cost clique covering of a compatibilittMUX at +5’s input. Assuming the values d&f andc are not

(b) Scheduled DFG

(c) Write to 'a’ inhibited



Cascaded function units not separated by a register some-
times lead to glitch activity that might cause power ovedsea

However, in our generated architecture, the propagatisodi
M1

glitches is shielded by intervening MUXes; the MUX select

PS|NS| M1 M2 R1 R2 5} )"
R1

sils2 1ot Ri - signals change only when the appropriate state is reached. |

=

the example of Figure 3;; and+, are cascaded, but the signal

S2|XX|0 | 1] 1] X

activity propagation inter is shielded by multiplexer M1.

(&) Controller (b) HLS Output REWIRED attempts to reduce power by eliminating register
stores at the end of each clock cycle boundary. In pipelined
systems, this could lead to a reduction in throughput duleeo t
dropping of register writes. For example the scheduled DFG
with the FU binding and register allocation decisions in-Fig
changing in between state S1 and S2, the output;ais still  ure 5(a), with two single-cycle adders and subtractors,bean
available in state S2, because its inputs are held condtint. pipelined with an initiation interval of 1. Whes; is dedicated
fectively, the resource-; is dedicated for the b + ¢ operation to eliminate registes (Figure 5(b)), the pipeline initiation in-

in state S2 also, and is not assigned to any other operatien. Wrval increases to 3.

term this optimization REWIRED register write inhibition by

resource dedication, the latter referring to the strategy of keep- [1l. FORMULATION AND APPROACH

ing the inputs to an FU constant explicitly to read its output
value in a future cycle.

Fig. 2. Synthesized Design

The REWIRED optimization can be formulated as the prob-
lem of choosing the largest set of operations for which we can
legally inhibit the storage of the results into registens.olur
present formulation, this must be done while honoring the la
tency and resource constraint of the schedule and pregervin
functional correctness.

S1/S2{1 |0 |1
S2|XX|0 | 1|1

PS|NS ML M2 RL |y  gywel-

A. Register Contention

(a) Controller (b) HLS Output A dedicated resource must continue to perform the same op-
eration until all the operations requiring the result areneo
Fig. 3. Register Write Inhibition pleted. An operation is said to be completed when its result i

stored in a storage unit (memory/register) or there are herot
computations operating on the computed result. During this

The synthesized design in Figure 3 is more energy efficieperiod its inputs must be held constant. By “continue to per-
than the one in Figure 2 due to the reduction in the datapafibrm”, we only mean that the FU’s output will not change — no
and controller energy. The datapath energy has been redueetivity takes place in the module and zero additional dyinam
by avoiding the register load operation. The controllergpe power is dissipated.
has been reduced as we have eliminated the generation of the
associated register load signal for R2. Significant oppurtu
ties for register inhibition arise when there are complex ex
pressions being evaluated. Resource utilization is fretiye
uneven, making FUs available for dedication. Also, many-tem
porary variables in such a scenario have short life-spains, t
creating opportunities for the REWIRED optimization. Fur-
ther, resource constraints imposed on the system might typi
cally keep in view the most resource-hungry parts of theiappl
cation, leaving spare resources available for dedicaticheé (a) Original schedule, FU (b Register Contention after
rest of the program. binding, and Reg. allocation REWIRED

REWIRED may lead to a reduction in the number of reg-
isters in the datapath in cases where all the write oper®tiogig. 4. Register Contention
assigned to a physical register are inhibited. Correspayhyi
the controller area also reduces due to a reduction in the num
ber of register load control signals to be generated by thd FS Consider an example DFG shown in Figure 4(a) after
— the state table has fewer columns. scheduling, FU binding and register allocation. Let the re-

After REWIRED, there may be some register-to-registesource constraint be four single-cycled adders and oneasiibt
combinational paths in the datapath whose delay exceeds tbe The FU binding is indicated by, 4+, etc. The labels on
clock period. These are, however, false paths because the dark boxes at DFG edges represent the register allacatio
schedule does incorporate the spreading out of the computiecisions — edges with the same name represent values stored
tion over multiple cycles. Such paths can be communicated o the same physical register. Assume that +-, and+3 are
a timing analysis tool operating on the resulting design. dedicated adders ang, is shared by additions in cycles 2 and




4. As we have one subtract operation and subtractor resour€@?2 Fitness Function
if suppose operation — b (—1) is dedicated then the inputs
to +; cannot be changed until the end of the third cycle. Th
situation is shown in Figure 4(b). Sinee, is reused in cycle

assigned register i5 which also provides input data tg; in means a larger number of register writes are inhibited.
the existing register allocation; this leads to contentarthe This function returns the number of 1's in the chromo-

registerb. The REWIRED algorithm needs to be able to avoid  ggme.
such contention.

he fitness of a chromosomedepends on the output of the
ollowing functions

e \alid(x): We require that two conditions be satisfied for
a chromosome to be valid: (Igsource constraints: the
number of resources utilized in each cycle should not be
In the proposed approach, resource dedication to the oper- greater than the resource constraintsf¢@jed 0's: Since

ations is performed under the given resource and latency con e are not re-assigning registers (we may only drop a reg-

straints of the schedule. Resource dedication to an oparati ister from storing a value), it may be required that regsster
may not be possible due to lack of available resources. be set to certain outputs, hence forcing the FUs generating
their values to write into registers, i.e. a’0’ is implied in
the corresponding gene. Hence we need to check whether
the chromosome satisfies this condition. ™Maéid func-

tion returnsl or —1 depending on whether the chromo-

some is valid or not.

B. Resource Contention

e ResConstr(z): If the number of resources utilized in a cy-
cle is close to the maximum allowed, then it will be diffi-
cult to increase the number of resource dedications on this
chromosome. Hence the expression:

m
(a) Original schedule, FU binding, (b) Resource Contention after Z Rescon — Res;
and Reg. allocation REWIRED i—1
Fig. 5. Resource Contention must be as large as possible for a fitter chromosome,

where,Res.., = Total number of resources available for
all FU types,Res; = Number of resources used in tita
Consider an example scheduled DFG shown in Figure 5(a) cycle,m = number of cycles (schedule length)
with two single-cycle adders and subtractors as resounce co . o
straint. Assume that the resoureg is dedicated to the oper- The fitness function is evaluated as:
ationd + ¢ of the first cycle as shown in Figure 5(b). It must¢: X Dedication(z) +c; x Valid(z) + c3 x ResConstr (), where
continue to perform the same operation until the end-ofithir¢1, ¢2, ¢3 aré constants determined by the number of genes and
cycle. Thus the two addition operations cannot be assignedf'€ schedule length.
cycle 2, leading to an increase in latency.
C.3 Reproduction

C. Genetic Algorithm for REWIRED To proceed to future generations, we select parents equal in

The register inhibition problem can be shown to be NpAumberto the current population. The selection is perfarime
complete. We omit the proof due to lack of space. We firdproportion to fitness function defined above, ensuring thet t

present a genetic algorithm formulation for the REWIRED opfitter parents have a high probability of recurring in the poo
timization. Following this, the children are generated using two prsess

. e Crossover: We select two parerftd..n] andg[1..n] from
C.1 Encoding the current pool, where is the number of values under
Encoding encompasses two important aspects, Genes and consideration, and generate a childhich takes bits from
Chromosomes. f andg in such a way that the probability of selection of
a gene from the respective parents is proportional to their
e Chromosomes: A chromosome is a bit-string of O's and  fitness values. If the fithesses are in ratio (n —r),
1's, where each bit corresponds to a value (edge crossing  then the child has bits from f and(n — ) bits fromg.
a cycle boundary in the scheduled DFG). As in the standard crossover operation, a second ghild
is generated with the remainirig — r) bits fromg andr

e Genes: Genes in our framework refer to bits. A’'0’ in the .
bits from f.

i-th position of the bit-string indicates that the corresgron

ing value is stored in a register, and a '1’ value indicates ¢ Mutation: After the crossover process we examine each
that the storage of the value into registers is inhibited. gene and flip it with a certain mutation probability.



The above two processes yield children equal in number to tlaee computed (as discussed earlier, these may change as a re-
original population. We then combine the two populationst s sult of FU dedication decisions). We sort all the operations
them according to their fithess values, and retain the fitéfr h the increasing order of their life-times (operation’sifeme be-

to form the next generation. The process continues untietheing synonymous with the life-time of its resulting value).eW

is no further improvement in the quality of results. then scan the sorted list in increasing order, and for eash ne
node/operation encountered, check if dedicating thisureso
Algorithm 1 REWIRED Heuristic would lead to register- or resource contention againstiegis
Input: Scheduled and Register Allocated CDFG dedication decisions. If not, then a resource is dedicat¢iae
Output: CDFG with REWIRED optimization computation to inhibit the register store; otherwise trsotgce
1: ComputeAvailable resources in each cycle is allocated and the computed result is stored in a registah
2: Availablefi][j] = R, — ZkRil Scheduled; operation is considered only once and dedication decisions
/* Available[i][j] gives number of available resources off€ver re-evaluated.
typej in it" cycle */ The original Available array is never modified. For every
3: Compute life-time of each operation’s result tentative dedication attempt, we copy it over to a tempoaary
4: Sort all the operations in the increasing order of their ré22y avail, and check the effect of the dedication on resource
sult’s life-time availability. If we exceed the resource constraint, theicked
5: DedicatedOps — ® tion is infeasible and the register write cannot be inhhitd
6: for all operationsurrOp in sorted listdo the current operation writes into a global register, thenthit-
7. DedicatedOps < DedicatedOps | J{currOp} ing cannot be inhibited.
8:  StoreAwailablel][] values intoavail[]]]
9. forall Op € DedicatedOps do IV. EXPERIMENTS
10: if Op stores result in Global Registdren ) o
11: Continue with nexOp in DedicatedOps To v_alldate thg REWIRED optlmlzatlon, we used ex_amples
12: Recompute life-time o)p result from d!fferent suﬁes suc_h as Livermore, HLS—QS, Medialtenc
13- for ¢ = Op.li fe—time.start to Op.li fe—time.end and Mibench. Diffeq, Elliptic, andTap are relatively smaller
do examples; and\DI, FFT, IDCT, and MESA are larger — Ta-
14: avail[d][Op.res] — avail[d][Op.res] — 1 ble I shows the number of register writes in each exam_ple. The
15: if quail[c][Op.res] < 0 then hardware for both the RTL VHDL models was synthesized us-
16 Goto Failure /* Resource Contention */ ing Syngpsys .Design Compiler and a O/ABS_IC library. The
17- for each input register of Op do power S|mu!at|on§ were performed by feeding the resultsifro
18: Extend life-time ofr to Op.life-time.end the VHDL simulation to Synopsys Prime Power.
19: if any overlap for extended life-tintaen Figure 6 shows a comparison of the power dissipation in the
20: Goto Failure /* Register Contention */ synthesized circuits corresponding to the conventionathsyr
21 Allocate dedicated resource ¢arrOp and inhibit regis- SIS, With that of the circuits resulting from REWIRED. An av-
ter store erage power reduction of 15% is observed. There is an average
22:  Continue with next operation in sorted list area reduction of 2% due to the reduced registers.

23:  Failure: Allocate resource and store result in register

24:  DedicatedOps «— DedicatedOps — {currOp} °

25: return CDFG 5 Conventional=== R
REWIRED mmmm
~ 4F
B
E
D. REWIRED Heuristic 831
o
g

We present a fast heuristic for performing the REWIRED 2r
optimization (Algorithm 1). The intuition is to greedily obse
those operations whose dedication leads to a lower prababil
ity of register contention and resource contention. Wegassi 0 = —

. I . . Tap DiffEq Elliptic FFT
a higher priority to operations whose results have shoifter |
times as that would reduce the possibility of conflicts wihes ¢ 6, power reduction with REWIRED
binding and register allocation decisions. This reduces¢h
source pressure in the successive cycles and thereby nzasimi
the total number of possible dedications.

Algorithm 1 begins by first computing the resources that are When resource constraints are specified by considering the
available in each cycle of the scheduled DFG. This is concomputationally heavy part of an application, the remajtia-
puted as the differece between the number of instances availc blocks have a surplus of resources increasing the plitgsib
able of resource typg (= R; ), and the number of resourcesof resource dedication. To validate this, we performed gxpe
actually scheduled in cycle Scheduled; ; ;. is defined as 1 if ments by increasing the allocated resources for three eeamp
the resource instance is scheduled in cycdad O if it is free  On increasing the available resources, the schedule jatenc
in that cycle. The initial life-times of each operation'suét  does not reduce further due to the dependencies in between th

ADI



operations. Thus, there is no change in the power consumptister stores by exploiting the knowledge of stable inpuistegs

in the traditional HLS. But, when we applied REWIRED, theto function units. Dynamic power is reduced by avoiding the
power did reduce further, as shown in Figure 7. register store activity. We outlined two techniques forisesy
write inhibition — a genetic algorithm formulation and a hisu

tic approach. Experimental results show promising power re
duction results, with the heuristic approach giving resaiin-

ilar to the genetic algorithm, while running much fasterefé

is also a small area reduction corresponding to cases where
avoiding register stores results in fewer registers. Pawer
duction due to REWIRED increases further if more resources
are available.

Power reduction could be possibly enhanced if scheduling
decisions could be revisited, making the scheduler awatteeof
inhibition possibility; the schedule latency could be péted
to increase while reducing the total energy. The analysigdco
Elliptic also be extended in the future to span across basic blockdboun

aries.

Power (mW)

Fig. 7. Power improvement with different resource allocations
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