A new Technique for Estimating Lower Bounds on Latency for High Level
Synthesis *

Helvio P. Peixoto and Margarida F. Jacome
Department of Electrical and Computer Engineering
The University of Texas at Austin
Austin TX 78712-1084
{peixotoljacome  }@ece.utexas.edu

Abstract other methods. However, one can find simple DFGs where this ap-
proach produces poor results.
In this paper we present a novel and fast estimation technique A recursive technique with complexit(n® + nc?) was pro-
that produces tight latency lower bounds for Data Flow Graphs posed by Langerin and Cerny [2] for lower bound performance es-
representing time critical segments of the application of interest. timation. Langerin and Cerny’s algorithm applies recursively the
Our proposed technique can be used to compute a tighter earliestower-bound algorithm of Rim and Jain to each node in the DFG
scheduling step for nodes (operations) in the Data Flow Graph and (as for computing th& SAP), and then determines the lower bound
thus be used to improve the result quality of any technique requiring performance of the complete schedule, again using Rim and Jain al-
the computation of sSuCASAP values. gorithm.
Tiruvuri and Chung [5] proposed yet another lower-bound tech-
) nigue which is based on the fact that operations can fall into three
1 Introduction non-overlapping intervals: (a) operations that can be completed by
cyclei; (b) operations that can be completed in the fasycles;
In many CAD applications scheduling appears as a sub-problem —and (c) operations that should be scheduled between cyeled
in High-Level Synthesis, for example, one is concerned with the ;. This subdivision is based on tRSAP and ALAP values com-
generation of an RTL specification that best meets performance, puted for each operation. By scanning all possibkend j such
area, and other constraints. Since the scheduling problem is NP-that; + j < ¢, they compute the number of cyclésnecessary
Complete,[1] the ability to generate tight lower-bounds on perfor- to perform the operations of a particular type in the (c) interval —
mance (i.e., latency) is important — it indicates, for instance, how this number is obtained by dividing the number of operations in
far results produced by heuristic algorithms (i.e., upper bound esti- that interval by the number of available resources for that type. The
mates) might be from the optimum schedule. This paper presentsiower-bound is defined as the maximum valug-ef,+j among all
a novel lower bound technique that produces tight latency lower types of operations. The complexity of the lower-bound estimator
bounds and outperforms the results produced by state-of-the-art apfor an entire DFG i€(n + ¢?).
proaches, such as the one reported in [5], when applied to a number - Rabay and Potkonjak [3] presented a survey on lower and upper
of benchmark examples. The worst case complexity of the pro- pound estimation techniques and a thorough motivation for com-
posed technigue i©(n"), wheren is the number of operations in - pyting tight bounds. Most of the surveyed estimates depend on
the application. Our method can handle multi-cycle and pipelined pre-computed values for theSAP and ALAP time steps of each
functional units. operation in the data flow graph. Indeed, most of the lower bounds
found in the literature use such values to create a relaxed version of
. the scheduling problem. It follows that, by improving the estimate
2 Previous Work on the interval window in which an operation can be scheduled, one
has the potential to improve any such lower bounds. So, in addition
In Rim and Jain,[4] an Integer Linear Programming (ILP) formu- to its intrinsic value, our technique can be used in conjunction with

lation relaxation of the general scheduling problem is proposed for any such lower bound estimates to improve their quality.
generating performance estimates under resource constraints. The

relaxation is based on the fact that each operationa DFG can-

not start before time-steQSAP(¢) and should not start later than
C — (c — ALAP(4)), whereC is the number of control steps to 3 Lower Bound for Performance

minimize, andc is the critical path in the graph. The problem is . . .
- ) _A dataflow graph will be modeled by a directed acyclic graph,
decomposed into several sub-problems (one for each type of re G(I, E), where noded represent operations to be carried out on

source) and since they are solved independently, the bound result- . )
ing from the maximum taken over all sub-problems will provide a functional resources, and edgBSrepresent data dependency be

lower-bound to the original problem. An algorithm similar to list tween operations. A nodec 1 of typeo € O has its delay denoted

S - I : . by (o) and the data introduction interval denotedipgp), in case
ALAP vlues of he operations. The complexity of the algoritm {18 1€50UICeS that can implemerare pipelined. Ifoperation s
is O(n + cC), wheren is the number of nodes in the DFG. Exper- carried out in non-pipelined resources, the funclig@) is defined

. . i ' as zero. For simplicity, we writ§o) = l(node_type(i)) = I(7) if
imental results demonstrate the superiority of this technique over nodei is of typeo.

*This work is supported by a National Science Foundation NSF CAR- _ We now start the derivation of our lower bound on performance.
REER Award MIP-9624321, NSF Award CCR-9901255 and Grant 003658- The intuition behind our new lower bound, now on referred to as
0649-1999 of the Texas Higher Education Coordinating Board Advanced TASAP, is based on the simple fact that an operatioamthe DFG
Technology Program can only start executing after all other operations in whiate-
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Table 1: Temporal windows

Figure 1: ASAP andTASAP values for a simple DFG, assuming

a datapath with one adder and one multiplier, both taking one cycle ~ For each of such intervals, we count the numbgt o, z, y) of
nodes of type that precedes nodethat can potentially be started

in the interval window defined by andy. Since node cannot
pends have terminated. We can write a recursive definition for the start until all nodes in any of these windows have completed exe-

TASAP as follows: cution, and allk(s, o, z, y) nodes in each windo to y] cannot
start before control step, it follows that nodel cannot start before
. [1, if prec(i) = {source} ( + [M]l ) If we compute this for all type of
TASAP(i) = {max {max(n.iyer (TASAP(h) + I(h)), p(i) } , otherwise 7+ | seourcecount(o) | L(0) P yp

1) operations and pick the greatest value, we have a lower bound on
the start of nodeé. Note that it is not necessary to look at all com-

wherep(s) is a lower bound on the time necessary to finish execut- binations for the values af andy, because some interval windows

ing all operations that preced@ndprec(i) is the set ofimmediate  combinations dominate others. This is so because the dominated in-

predecessors of node terval windows (those not listed in Table 1) cannot have more nodes
The question that follows is how to compute the tep(a) of than any of the windows listed in Table 1. The following equation

Equation 1. One simple approach would be to count the number formalizes this new lower boury(i):

of operations of each type divide it by the number of available

resources of type, and finally multiply it by the latency required 0, if k(i,0) < 0

to execute one operation of type We could then assign tp(7) ’ k(ifo,z,;) .

the greatest value obtained among all the operations types. Morep(i)=max max [mw%(o) +1(0) — Ip(0),if 1p(0)#0

: 0€0 1<z<y k(i,0,z, .
formally: [%MO)’ otherwise.
o 3
0, if k(i,0) <0
N k(i,0) 1,(0) + 1(0) — Lp(0), if Lp(0) £ 0 wherey is the greatesTASAP for the predecessors of nodand
p(i) = max [res‘m,:f?m)“m(0)1 plo) + )‘ plo), Hp(0) # (i, 0,z,y) is the number of nodes of type o that precedé such
[m-‘ l(0), otherwise. thatz < TASAP(#') < y.
2 As it should be expected, the tighter lower bound corresponds

always top(i) computed with Equation 3. In Figure 3 we show a

comparison of the\SAP and theTASAP computed withp(7) of

Equations 2 and 3. For this example, while the plaAiBAP leads

to a bound of 12 cycles, the improved bound computed with Equa-

DFG and the improvement that one can obtain over the traditional tion 3is Of.18 cycles. If. DFGs contain sever_al windows with high
concentration of a particular type of operation (as the one shown

ASAéPdgggl?gg:dr}ﬂ(jtﬁelnster](qeugerl,elpéguation 2 can still be improved, so in Figure 3), the proposed bound will lead to a chain of cumulative
as to better deal with cases where nodes of a given type are Con_lmprovkclamer:jts OYeASﬁP' ffici lqorith ion 3
centrated in different temporal time windows. The key observation __ Ve have developed an efficient algorithm to compute Equation
is that when a large number of nodes (more than the number of recgrswely W'.th Eguanon 1.(see Algarithm 1) For each nodﬂg
available resources) are potentially ready to execute around a givendheflne a matrix(i, z, O)I as t;e set of all preq_eclzlesmlnlrsl nodes of
clock stepclk, the lower boungb(i) would naturally (and mistak- that can start at interval window startingaatlinitially, all elements
enly) assume that the execution of the nodes can be distributed from
the first clock step. Our goal is to generatg(d) that properly dis-
tributes the operations in the interval definedcby and the current
step, i.e., the step at which notlean be scheduled.

We now discuss how to improve the qualityydf) by looking at
successive time windows defined by t(RASAP of all nodes that
precede. Given theTASAP for all nodes that precede nodeour
algorithm to computey(:) examines the distribution of the nodes
of a particular type in various temporal windows of different sizes.
For instance, if the maximurfASAP of the immediate predeces-
sors of node is equaly cycles, one needs to examipgemporal
windows for concentration of operations, as shown in Table 1.

Figure 2 shows the visual interpretation of the interval windows.
The horizontal doted lines delineate theossible windows inter-
vals in which predecessor nodes ofin be scheduled for execution.
For the sake of illustration, and without loss of generality, we as-
sume that the in degree oifs two, beingi; andi; its predecessors, ) o o ] )
and thafTASAP(i;) < TASAP(iy) = y. Figure 2: Pictorial description of interval windows

whereresource_count (o) is the number of resources of typend
k(i,0) is the number of nodes of typethat precedes node

Equation 1 together with 2 is already an improvement over the
traditional ASAP and can be computed @(n). Figure 1 shows a

in q(, z, 0) are set to empty sets. Lines 1 to 6 compute Equation 1.
Lines 7 to 11 computg(i, x, o) for each nodé. Equation 3 is com-
puted on lines 15 to 20. Lines 11 to 23 determine the concentration
of operations in the several windows.

The overall complexity of Algorithm 1 i€)(n?), wheren is
the number of nodes in the DFG. Lines 1 to 10 have three nested
loops — this gives a worst case time complexityd(e x n x |0|),
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Figure 3: ASAP and TASAP computed with Equations 2 and 3.
It is assumed one datapath with one adder and one multiplier, both
taking one cycle

wheree is the upper bound on the in-degree of nodes [@idis
the number of different operation types in the DFG. Lines 11 to 23
have quadratic complexity @(rn x |O|). The recursion introduces
a multiplication factor ofn, giving a total complexity ofO(e x
n® x |O] +n® x |O]) for the entire DFG. Since and |O| are
generally bounded by small constants, the worst case complexity of
the algorithm can be rewritten ax(n?).

The proof that Algorithm 1 computes a valid lower bound is
given by the following theorem:

Theorem 3.1 Givena DFGG(I, E) and anode € I, TASAP(q)
computed with Equations 1 and 3 give a valid lower bound on the
start time of node.

Proof If we assume for now that the lower bound on the start time
of a node is given only by Equation 1, it is straight forward the
proof, sincETASAP(i) = ASAP(4).

We now prove by induction on the size of the interval windows
thatp(¢) given by Equation 3 is a valid lower bound on the start
time of nodei.

The Base is for the case in which the start and end time of the in-
terval windows are smaller or equal to one, i.e., all windpw y]
such thatr < 1 andy < 1. There is just one window in which the
start and end time is smaller or equal to orjg:to 1]. For this
interval window, we determine all nodes @ of a particular type
o that can be scheduled at this window, i.e., all nodesich that
1 < TASAP(¢') < 1. Given this number and the number of avail-
able resources of type, Equation 3 does produce a valid lower
bound for windows where, y < 1:

0, if k(i,0) <0
k(i,0,1,1)
resource_count(o)
k(i,0,1,1)
resource-count(o)

[ 1(0) + o) ~ 10, if Ly(0) # 0

W l(0), otherwise.

p(i) = max [
[

4)

Our Induction Hypothesis is that Equation 3 provides a valid
lower bound on the start time of a nodeaf one considers only
the interval windowdz to y] such thatz,y < m — 1, i.e., win-
dows[ltom — 1], [2tom —1], ..., [m — 2 tom — 1], and
[rn — 1 tom — 1], since all other windows are dominated by these

Algorithm 1: Tighter ASAP
Input: ADFG G(I, E) and a node.
QOutput: The lower bound on the start of node
TASAPG(I,E),i € 1)
1.if pred(i) = source

2. return 1
3. else
4. b+ 0
5. foreachi, such tha(i,,i) € E
6.  Ib <+ max(lb, TASAP(G,ip)+I(ip))
7.  q(i,TASAP(G,ip),node_type(ip)) <«
q(i,TASAP(G,ip), node_type(ip)) U {ip}
8. forx =1tox <TASAP(G,ip)
9. foreacho € O
0 q(i,x,o) <_q(izmzo)uq(il’:m:o)
11. foreacho € O
12. k < 0; interval Begin + 1
13. forz=1toz <lIb
14. k< k+ |q(i,x,0)]
15. ifk=0
16. tmp <+ 0
17. else ifl, (i) #0
18. tmp < [m—‘ lp(l) + l(’b) - lp(’b) +
interval Begin
19. else
20. tmp <+ [m—‘ (i) + interval Begin
21. if tmp < x
22. k < 0; intervalBegin < x + 1
23.  1b < max(lb,tmp)

24. return [b

(see Table 1). The Induction Hypothesis does address all nodes with
TASAP <m — 1.

In the Induction Step we have to prove that for winddwso y]
such thatz,y < m, Equation 3 holds. In order to prove the In-
duction Step we have to show that: (1) there is a valid expansion
of the m — 1 windows of the induction hypothesis to accommo-
date nodes WitlTASAP = m; and (2) the new intervdin to m]
also provides a valid lower bound. By addressing case (1) and (2),
we create the set of interval windows shown in Table 1. To prove
(1), note thatk(z, 0, z,m) = k(i,0,z,m — 1) + | M|, where M
is the set of all nodes such th&ASAP = m. Thus, the expan-
sion of interval[z to m — 1] to [z to m] is a trivial process that
can only improve the quality of the bound (because now we have
the chance to consider more nodes that can be scheduled before
i.e.,k(i,0,2,m) = k(i,0,x,m — 1) + | M|). The added factor of
| M| does not harm the lower bound validity because the inclusion
of the nodes inV/ into the sek (%, o, z, m—1) is in fact a relaxation
on the start time of the nodes M. To prove (2) is trivial, since all
nodes inM cannot start before clock cycta. Since the nodes in
M precede nodg, the time necessary to execute the nodes in the
window [m to m], added to the cycle they can start (i.e., cyelg
is a valid lower bound. Thus, the lower bound on a nodan be
computed with Equation 3. a

4 Results

We have implemented ours and the algorithms in [5] so as to com-
pare the quality of the produced results. The lower bound in [5] ex-
hibits the same time complexity of our algorithm and has for most
cases produced results superior to those of previous approaches,
being thus representative of the state-of-the-art in this area. We
considered several benchmark DFGs. For each DFG we considered
several data-paths varying on number of resources, resource delays,
and pipelining options.



Table 2 summarizes the results obtained by our algorithm and the
algorithm in [5]. The first column identify the DFG. The second
and third columns indicate the number or adders and multipliers,
respectively. Under the Multiplier Delay column we consider vari-
ous types of multipliers, namely with execution delays of one, two,
and a 2 cycle pipelined implementation. For 41 cases, out of 90,
the bound produced by our algorithm is tighter than the bound pro-
duced by [5] (see entries with an asterisk). In 76 cases our approach
produced equal or better bounds when compared to [5].

5 Conclusions and Future Research

We have presented a simple and efficient technique for computing
lower bound on the completion time of a DFG. The proposed tech-
nigue can handle multi-cycle operations and pipelined functional
units. For an entire DFG, our algorithm computes the lower bound
in O(n?), wheren is the number of nodes in the DFG. Because of
the simplicity and speed of the proposed technique, one may use
our technique in conjunction with any other lower bound approach
that usesASAP by substituting it with our propos€tfASAP. The
same principle can be used to deriv@ ALAP.

We are currently investigating an extension to our technique
to contemplate chaining, conditional branches, loops, and pre-
scheduled nodes.
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Multiplier Delay
2

Resources 1 2, pipelined
DFG [ + ] * Ours [ [5] | Ours | [5] | Ours| [5]
T 1100 ] 9] 17 |17 1" | 10
T 2 [ 100 | 9 | 11 | 10| 1" | 10
[T 3 100 | 9 |1 [1I0] 1" | 10
g 211 9 9 | 17 | 17| 10 | 10
E 272 5 6 9 9 T 6
21 3 5 6 | T 6 | 7 6
1] 1 10 | 10| 190 | 19| 11 | 11
[T 2w 7 9 9| o 8
E [I] 3] & 71 9 8 O 8
g [2[1 10 [ 10| 10 | 19| 1T | 1T
g 212 5 5 9 9 6 6
21 3 | 5 i 7 7 6 5
11 1] 9 7 [ 11- [10] 10" | 8
I 2 | & 71 9 8 O 8
I3 71 9 8 O 8
E 211 6 6 g [ 10| 7 7
21 2 | 5 i) 6 6 | 6 5
21 3 | 5 T 6 5 6 5
1] 1 17 [ 18] 33 | 34| 18 | 19
T 2 | 14 |13 17 | 18| 15 | 14
I3[ 1@ (13 15 |14 15 | 14
2 271 17 [ 18| 33 | 34| 18 | 19
e 212 9 [ 10| 17 [ 18| 12 | 12
2 3 9 9 | 12 | 12| 12 | 12
1] 1 12 [12] 22 | 21| 13 | 13
T 2 9 | 10| 12 | 11| 1T | 11
g [T1T] 3 9 [ 10| 1T [ IT| 1T | 1I
@ [2] 1| 12 | 12| 227 | 21| 13 | 13
£ 21 2 8 8 [ 127 |11 | 10 | 10
< 2| 3 8 8 10 | 10 | 10 | 10

Table 2: Comparative results for the proposed and state-of-the-art
Lower Bounds
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