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Latency insensitive design has been recently proposed in literature as combinational |~ S 2|~ £ £
. - . . . . o a o
a way to design complex digital systems, whose functional behavior is ro- Logic —| ="

bust with respect to arbitrary variations in interconnect latency. However,
this approach does not guarantee the same robustness for the performance
of the design, which indeed can experience big losses. This paper presents r

a simple, yet rigorous, method to (1) model the key properties of a latency

insensitive system, (2) analyze the impact of interconnect latency on the
overall throughput, and (3) optimize the performance of the final imple-
mentation.
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Figure 1: A Sequential Module.
1 Introduction

L . ) for its performance.
As system complexity increases and market windows continue to

shrink, effective reuse of existing designs or Intellectual Property (IP In this paper, we introduce the theory etyclingas a formal way to

; . o capture the communication and synchronization properties of a latency
cores seems the only way to produce a reliable design within a reasonable

time [8, 20]. In fact, most semiconductor companies share both a str#rﬁlsg?ns't've system, thus enabling the analysis of the impact of a particu-
arincrease in latency (of one, or more, channels) on the overall system

will to broaden IP reuse and an open cc_;mplamt towa_rds the eﬁecuveneg?formance. This allows us to derive a procedure that optimizes directly
of the tools offered by the EDA companies to meet this request [21, 25 . . .
) S he system throughput, and that, in the case of a design made entirely of
Ifto pe.m.‘“ an easy trade, reuse gnd assembly Of individual compone S-designed IP blocks, provides the best achievable performance.
of the chip is the goal, the new design methodologies should primarily *In Section 2 we discuss the realization of a hardware design by assem-
cilitate (if not automatically provide) the solution of the communicatio ling Register-Transfer Level (RTL) modules as an example of a design
and synchronization issues which arise while assembling pre-desigaeﬁgoacﬁ based on IP reuse. The latency i " P 9
: P, ) . y insensitive design methodology
components. In this perspective, it is necessary to define a methOdmOBgummarized in Section 3. In Section 4 we give the definition of lis-

. . ) . . IS
which effectively addresses the increasing impact of interconnect delay’in X )
y g'mp Yraph as a formal model to represent the key properties of a latency insen-

future design generations. Despite the increase in number of layers a . : ; ’
ang P y lve system. This model allows us to specify the notion of recycling as

aspect ratio, the RC delay of an average metal line with constant Iengtﬁ'}s

getting worse with each process generation [18, 22]. This effect, combirfegdorous way to model the variations in latency of different wires and to

with the increases in operating frequency, die size, and average inter connjpute exactly its impact on the performance of the system (Section 5).

nect length, makes interconnect delay becoming a larger fraction of h|gally, Section 6 illustrates the previous concept through the analysis of

clock cycle time [19]. Furthermore, while the number of gates reachaB1&§25€ study, an implementation of the MPEG-2 Video Encoder.
in a cycle will not change significantly and the on-chip bandwidth that
wires provide will continue to grow, the percentage of the die reachakde Assembling IP Cores
within one clock cycle will decrease dramatically: we will soon reach a ) N . .
point where more gates can be fit on a chip than can communicate in ongn€ latency insensitive methodology together with the ideas proposed
cycle [10, 17]. in the prc_esent work can be l_Jsed to design complex distributed systems by
On-chip communication has been cheap for a long time. This fact }%Ssembllng P modu!es, which may be hardware blocks as well as sof_tvx_/are
lead to a number of architectural models that rely on low-latency to Shg}_}gdqles. However, in the pres_ent work we fOCl_JS on synchronous digital
global resources. The popularity of these models is due to the fact tfis¢uits @nd we propose to design them by putting together IP cores hav-
they provide the most uniform computational framework and the bedf the struc.ture of Figure 1, i.e. sequential CII:CUItS where: (1) any path
functional unit utilization. As suggested in [17], this focus on functioHetV\'e‘:‘fn an input portand an _output port contains one and only one regis-
rather than communication is the fundamental conceptual roadblock§h Which latches the output signal at the end of the path, and (2) both the
overcome. Long-term solutions must involve the adoption of intercoﬁt-ate and output registers are cor_1tr0||ed by a' gommon clock glgnal. Such
nect structures with predictable performance [8], the definition of corW—Odlees are co_mmonly used_ to_lmplement finite state machines (FSM),
putational models that explicitly account for communication costs [1AUt @Y arbitrarily complex pipelined datapath can be seen as a cascade
and the development of machine architectures which expose their C%gtages having thls_ structure. We indifferently refer to circuits with this
munication structure to the software compilers [1, 12]. A step in all theSgucture as sequential modules, FSM modules, or RTL modules and, from
directions is represented by a design methodology recently proposedQi ©n: We assume that all IP cores that we encapsulate and compose to
literature [6, 5]. Furthermore, this methodology may also accelerate ﬁ{’eﬂVe digital systems have these characteristics.
solution of the IP integration problem: in fact, it is fairly easy to assemblexample 2.1 A Multiplier-Accumulator (MAC) is a very common dig-
complex latency insensitive systems by reusing synchronously-speciftat circuit, because it facilitates the implementation of an operation as
functional modules because their interaction is controlled by a commugix(n) - y(n — k), which is ubiquitous in filters and vector arithmetic [15].
cation protocol that is insensitive to the latency of the channels connectifig. 2 illustrates an implementation of a MAC circuinX andinY are
them. Yet, although the functionality of a latency insensitive system is ihe input values to be multipliednD forces the accumulator register to
bust with respect to interconnect delays, the same is not necessarily bei@reset to the value @iB, inTag controls the index of the partial sum,
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combinatorial paths inside the slowest modules in the system. As long as

Figure 2: Block Diagram of a MAC circuit. the interconnect delay has been small with respect to gate delay, it has been
(fegD >al | easy to effectively decompose the system in such a way that inter-module
regB ->a2 combinational delays and intra-module wire delays are comparable. As
regX ->a3 . . . . L. .
regy -> as discussed in the previous section, this is in not going to be the case for
a6 ag regT ->ab chip realized with DSM technologies. On the other hand, to estimate the
22 2 roo a0 delay of global int t early in the desi t the floor-
regC -> a7 y of global interconnect early in the design process (e.g. at the floor
al regA -> a8 plan phase) is extremely difficult and may easily lead to over-constrain the
a7 outw -> a9 . S . .
outT -> a10 design, thus resulting in poor performance. We argue that to design high-

performance complex digital system is necessary a methodology which
(1) facilitates the composition of sequential modulepipeline modend

(2) allows the potential insertion of extra-stages between one module and
the other with the only purpose of buffering signals propagating on long
and, finally, outT and outW are the outputs representing the sequeng@ires. A new approach based on these ideas has been recently presented
of indexed partial sums. X andinY are twoN-bit signals,regM a in Jiterature and we discuss its pros and cons in the next section.

(2-N)-bit signal, andegAa ((2- N) 4+ M)-bit signal (as well asegC, inB
and outO), then 2 repetitive MPY/ACC operations can be performed ..
without overflow. We decompose the block diagram of the MAC in thre% Latency Insensitive SyStemS
major subcircuits, such that each of them can be realized with an RT

module. Then, we r_epn_esent the structure of the sygtem with a dlrec§9 tems by assembling IP cores exchanging data on point-to-point com-
graph as |Ilustr_ated in Fig. 3: nodes, vs,v4 are assqmated to_mOdUIeSmunication channels in accordance witHaéency insensitive protocol

Mz, M3, Ms, while nodesvy a”‘?' Vs represent respectively the input a}nd]- e protocol guarantees that a signals composed of functionally correct
the output buffers. The operations performe_d ateach qodes are def'n%{]@&ules, behaves correctly independently from the delays of the channels
TOHOWS’ wheres,, denotes the value of the signal travellng_on drdur- connecting the modules. As a consequence, a hardware implementation
ing then-th clock cycle: noda, performss} = ﬁ—l ’ Sﬂfl' while nodevs of the system can be automatically synthesized such that its functional be-
does two operations, one for each leaving edges, nasiehs) 1 +S, 1 havior is robust with respect to large variations in wiring delays between

Figure 3: Graph representing the RTL structure of the MAC.

[5], a methodology has been proposed to design very large digital

and modules. In fact, a long wire having a delay larger that the desired clock
5 sﬁ if Sr11 -1 period can be pipelined in shorter segment by inserting special memory
S$h= { sﬁii n s% L f Srlri -0 elements callecelay stationswhich buffer the signals traveling along the

wire. The latency insensitive methodology can be summarized as follows:
Finally, nodev4 composes the result of a MAC operation with a tag indexl) the designer specifies a system as a collection of sequential modules
ie.g=%= o ;andsi®=¢ ,. Table 1 illustrates a possible MAC (called pearl, whose interaction relies on tlgynchronous hypothesis
behavior spanning 12 clock cycles, during which the following computie. signals take one clock period to move from one pearl to another; (2)

tions are performedm, = X - Yn, Wn = Z, @ tp, and each pearl is encapsulated within an automatically genesielt a shell
) _ is simply a collection of buffering queues (one for each port) plus the con-
Zn = { Yic1 m- !f ne 15 trol logic that interfaces the pearl with the latency insensitive protocol; (3)
by+3iZgm ifne6,9 traditional logic synthesis and place & route steps are applied to derive

g the layout of the chip implementing the system; (4) every wire whose la-
tency is greater than the clock period is segmented by distributing on it
The advantage of providing an RTL specification of a digital systethe necessary amount of relay stations. The only pre-condition required
using sequential modules is that it is easy to derive the timing constraibysthis methodology is that the sequential modules be stallable, meaning
imposed by each of them. In fact, the longest combinational path insttiat their operation can be frozen for an arbitrary amount of time without
a module dictates the minimum clock perimdthat makes it operate cor- losing their internal state. This is a weak requirement because most hard-
rectly. Therefore, the task of specifying a large digital circuit can be deare systems can be made stallable, for instance, implementiated
composed in sub-tasks aimed to specify RTL modules having atose clockmechanisnt.
This approach permits to handle the complexity of the overall design, byThe big advantage of a latency insensitive design is that its functional-
separating functional specification from performance analysis: onceigllis robust with respect to arbitrarily large variations in wire delays as
modules are composed, the final system works correctly as far as it is fpifoven in [6]. Unfortunately the same can not be said for the performance
ning with a clock satisfying the constraintimposed by the slowest modud,the design. In fact, the mechanism to implement a latency insensitive
i.e. a clock having a periott > max {1 }. Thanks to its simplicity, this

approach has been the basis of most digital design methodologies durirfg)tbSErve thatt1 the final_irrlalementatitc:]n tof a Iat?ncl:ly(ijnzensitiye Isystlemkdc_)esnl't nec§§sarily
. . . - € to be synchronous, in the sense that is controlled by a single clock signal reaching ev-
last two decades, but its effectiveness is based on the assumption thaz%int on the chip. For instance, the relay stations as well as the overall communication

delay of any path connecting two modules is comparable to delay of tinitecture can be realized using asynchronous logic.
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communication architecture is based on the distinction betwderma- a5

tive eventandstalling event According to the synchronous specification a4 alo0

of the system, at each clock cyabeevery sequential module receives a GOE (a3~ . i@
new informative event on each input port and emits an informative event ka’ * a9

on each output port, the latter being the result of the processing based on al @éﬂ

the informative events received up to cy¢le— 1). Hence, no stalling

events travel between the modules at the specification level. However,

the presence of relay stations in the final implementation does introduce Figure 4: Lis-graph for the MAC of Figure 2.
stalling events: in particular, the initialization value stored inside each

relaystatlon |sastaI_I|ng event. According tp the Iatencyln_sensmve pro?—_?)-(ample 4.1 The graph of Fig. 3 represents the RTL structure of
col, if amodule receives one (or more) stalling event at a given clock cyde - . . . .

. . . e MAC circuit of Fig. 2. This graph is also the of lis-graph
it means that misses one (or more) data item to perform the computagion (SLV,A) of Fig. 4, with V — {Sv1,vs,v3,va, Vs t} and A —
and, therefore, it is forced to stall, generating a new stalling event for e ah_a é’ a’ 24,85 a;?.a as 20,8 ;{} :N;ncﬁ ig’oﬁ)}a&isﬁed adding_the
output port (meanwhile the informative events received on the otherin}:ﬁ’ 1,2, %8, %4, 96, 96, 77, €8, €9, A0, &L 1+

. : o ource and the sink vertices. O
ports are stored in the shell queues). This mechanism is guarantee no[

to affect the overall performance only if the design does not present anyro distinct arcs of a lis-graphs which respectively enter and leave the
feedback path between the sequential modules, a condition too strongg@e vertex are in a dependency relation.

demand. In the following section we propose a formal model to analy, &finition 4.4 Given a lis-graph G= (st,V,Aw), for all vertices

the properties of a latency insensitive system, which allows us to define the ' o

i f i | i t ture the lat i %,uz,v €V, arcs @ = (u,v) and & = (v,uz) are in a dependency re-
notion ofrecyclingas an elegant way to capture the latency variations pf’ a1 <4 a9 (21 depends omy). If and only if & < a, ay is a prede-

the communication channels and to compute exactly the final throughgggsor of aand & is a successor ofa Given an arc a® £D(a) and
of the system. SUCC(a) denote respectively the sets of predecessors and successors of

4 Latency Insensitive System Graphs a. ObviouslyPR ED(as) = SUCC(a) = 0 holds for any lis-graph.

In this section, we formally introdudatency insensitive system graphsEx"jlmple 4.2 Referring to the lis-graph of Fig. 4, we hagg <q a and

(lis-graphs)as a way to model the structure of a latency insensitive syste <q 2. Then,PRLD(3) = {as,a4}, while SUCC(ae) = {a7,38}.

and we give the notion of lis-graph behavior, which allows us to captu#ejrther’ a self-loom = (V’V). depends on 6.1” ares enterl_ng(lncludlng
. o L . itself), while all the arcs leavingdepend on it. In Fig. 4, this is the case of
their communication and synchronization properties.

a7 = (v7,v7), for which R £D(a7) = {a1,a,a6,a7} andSUCC(az) =

Definition 4.1 A lis-graphG = (s;t,V,A ,w) is a weighted directed con- {a7,ag}. O

nected graphV,A,w), where Wa;) € Z*? for each arc a € A, with two

special nodes: aources € V with0 indegree and outdegree, and aink We are not interested in capturing the particular value of a signal trav-

t € V with 0 outdegree and indegree. eling on a wire from a module to another at a given clock cycle, but we
want to know whether that signal represents an informative event or a

Definition 4.2 Given a lis-graph G= (s;t,V,A,w), the single arc & stalling event. The progressive trace of a signal (associated to a channel

leaving source s is calledource arcwhile the single arc @entering represented by an arc in the lis-graph) is used to represent an interleaved

t is calledsink arc Thecore of a lis-graph G is the directed graph stream of informative events and stalling events: the valoka natural

(V\{st}hA\{as,a},w). number in a trace denotes the ordinal of jhh informative event while

- . thet symbol denotes a stalling event.
Using lis-graphs we can focus on the structure of a latency insensi-

tive system, without getting lost into the details of the logic inside eadfinition 4.5 Let s be a signal with L informative events, let K be the

module. Every lis-graph node (but source and sink) is associated /3 of the last informative event, and 18tC IN be the set of indices

pearl/shell pair, while the weights on the arcs denote the amount of reffyihe stalling events betweenand K, wherelN is the set of natural

stations on the corresponding channels. The source and the sink mBY8iPers. Therogressive tracgor, simplytracg o of signature. andco-
the interaction of the system with the environment inside which it opergnature sefor, simply,co-signaturyT is an infinite sequence of symbols

ates. As we know from the previous section, the initialization value stor8HN Y {t} s.t. the n-thterm is

inside inside each relay station is a stalling event, while the output reg- T ifs =1
On= { "

ister of each module is initialized with an informative event according to i ifsnisthe j-th elementin s s.tn$ T

the synchronous specification of the system. Therefore, aw;arith

weightw(a;) = 3 indicates that during the first cycle of system operatiogiven a progressive tracs, its signature is denoted ago

there are 3 stalling events occupying the 3 buffering spots on the coigg:=signature ses denoted ago).

sponding channel. At the subsequent cycle the first stalling event will be

withdrawn by the receiving moduM; at the end of the channel, while theExample 4.3 Consider areay of the lis-graph of Fig 4. This arc rep-

first informative event will be put on the channel by the sending moduiesents the feedback path of modiig in the MAC of Fig. 2. Con-

Ms: this informative event will be read byl; only 3 cycles later, after the sider the behavior reported in Table 1 and observe particularly the val-

remaining two stalling events. ues of signals’ associated taegC. Now, assume that a latency in-
The fact that changing the number of relay stations on some chanrgigsitive implementation of the MAC presents only one relay station,

does not change the functionality of the system motivates the followifiiced exactly in the middle of this feedback path. Hemger) = 1

definition of lis-graph equivalence. , while w(gj) = 0 for i # 7. Since the initialization value stored in

Definition 4.3 Two lis-graphs G= (s,t,V,Aw) and G = (st,V,A W) any relay station ig, the sequence of events on the feedback path is

7 .
differing only for some weights are satructurally equivalenbor, simply, S=T1alntlzn Tﬁ4 T by TzT7 1T 28_T929 TdT. . .dThe c_orrespondﬂwg
equivalent(G = G'). Thereference lis-grapbf a class of equivalent lis- progressive trace, having signatyel| = 9 and and co-signatur@) =

: 1,3,5,7,9,11,131517} isc=111213141516T71819T1T...
raphs is the graph @t = (s,t,V,A W) S.t. Va; € A, (W, i)=0). {1,3,5,7,9,11,13 15, .
grap graph @ = (s ret) & €A (Wrer(a) = 0) The subtrace off from the 7-th to the 12-th term ig71, =T4T1516

27+ denotes the set of non-negative integers. and its signature i§07 12| = 3. O

[, while its




as at w(as)=0 associated to arg; = (vj,Vi) with weightw(g;) starts withw(a;)
®//—\ @ w(al)=1 stalling symbols and only thev(a;) + 1)-th symbol corresponds to
K@\A w(a2)=2 the value 1 independently “produced” .
al w(a3)=0
@ @ wat)=0 ¢ And-Causality RuleEvery vertexv; fires then-th event only after
-~ 2 the (n— 1)-th event has appeared on all arcs enteving

This firing semantic is equivalent to Definition 4.7 and suggests that a lis-

Figure 5: The Lis-graph of Example 4.4. . - L
graph models a cyclic system [2]. Obviously, this is true as far as the core

gE:S)) = 1 i 3;11536:485&1 1T061TJT7T-3-T 9t10 11t rrx of the lis-graph contains at least one cycle among some of its nodes (in the
ola) — 1111231141567 171891 110T1111... most trivial case the only cycle could be simply a self-loop as in Figure 4).
o@) =1tt2t34t151671T181910T T1lTTT... i H . . i i
o) = 121131451161 781197110 1171, For cyclic systems, theycle time Tof arcg; is defined as
Figure 6: BehavioP of Example 4.4, havingf|| = 11. T — im M @)
= RASA
n—oo n

Only after receiving at each input channel fhth informative event, a wheret;(n) denotes the time at which tracga;) associated to are;
module is able to produce (at the next clock cycle)(the 1)-th informa- presents ther-th informative event (i.e. natural numbg). Since the
tive event for each of its output channels. If this is not the case, it meaystem is cyclic, for all arcg;, T = T and the previous equation gives the
that one or more input channels present a stalling event. Therefore, dhele time Tof the entire system. The cycle time is equal to the inverse of
module stalls, “consuming” the stalling events, producing output evettite system throughpu (i.e., the rate at which informative events appear
on all output channels, and storing those informative events which can antthe channels) and, represents the key performance metric for the sys-
be processed in the shell queues. To capture the essence of this mechaaisimfor all informative events > 1, the differencé(t (1) + T - n) —tj(n)
we use the notion of lis-graph behavior. is bounded [4, 11, 23] We naturally refer to cycle tifigG) and through-

Definition 4.6 Given a lis-graph G= (s,t,V,A,w), a trace assignment PUt9(G) of a lis-graphG, meaning the cycle time and the throughput of
(0(ay),...,0(ap)) is a tuple of progressive traces in one-to-one correthe system model b¢s. _Furthermore, _the cycle time coincides with the
spondence with the arcs of A. For each afcea, o(a) denotes the Maximum cycle meaof lis-graphG, defined as
progressive trace associated tp a o +lc
A(G) = maxA(C) = max(M
Definition 4.7 A behavior of a lis-graph G= (s,t,V,A,w) is a trace vCeG vcec'  [C|
assignmenta(ay), ... ,0(aa))) s.t. Vi € |A| the n-th term ob(&) is

) ®)

whereA(C) is thecycle mearof a cycleC of G, w(C) is the sum of the

T ifne [1wa)] weights of the arcs 06, and|C] is equal to the number of arcs @P. A
1 if n :w’(a;) 1 cycle whose mean coincides with the maximum cycle mean iscsid
(lon-1(a)]|+1) if (n>w(g)+2)and cal. The maximum cycle mean can be found solvingMeximum Cycle
on(a&) = (llon-1(a) || < L) and (1) Mean Problem for which many algorithms have been proposed, dating
Vay € PRED(a) back to Karp’s Algorithm [16].
(ch—w(a;)—l(ak)l‘ > ch—l(ai)H> I . h f Ei .
T otherwise Example 4.5 Lis-graphG = (s;t,V, A) of Fig. 5 contains one cyclé =

(a1,a,a3) with |C| = 3. Sincew(a;) = 1,w(ap) = 2,w(ag) = 0, the max-
where Le IN is called thebehavior signaturéalso denoted a#). The  imum cycle mean ofG is A(G) = (WGl — B13 _ 5 Then, the

set of behaviors of G is denoted 8$G). [C] 3

throughput is}(G) = Tlc;) =3. ]
Example 4.4 Given the lis-graph of Fig. S, the behaviop = If no cycles are present in the lis-graph core, both cycle time and
(0(as).0(a1),0(az), 0(2),0(a)) with signature||B|| = 11 is illustrated - throughput are equal to 1. This confirms the intuition, because lis-graphs
in Fig. 6. Notice that trace(as), being associated to the source a&¢  ijth no cycles represent pipelined systems with no feedback paths: hence,
is independent from the other traces. Observe that sifeg) = 1 and  for any possible weight assignment on the arcs, there exists a natural num-
w(az) = 2, the first symbol obi(ag) as well as the first two symbols of ey after which, allt in the system have been ejected through the sink
o(ap) aret. Then, consider thaPR £D(az) = {a1} andPRED(ag) = t and only informative events travel on the channels, thus delivering the
{az}. Forallne IN, then-th term of traceo(ap) depends on then-3)-th  pest possible communication throughput. If the lis-graph core contains
term of o(ay) sincew(az) = 2 and then-th term of traceo(ag) depends ony one strongly connected component, all its cycles can be detected in
on the(n-1)-th term ofa(ay) sincew(ag) = 0. Finally, arca; anda; have O((V] +|A) - (K + 1)) operations, wher& is the number of cycles in

a common set of predecessors contairdggndag. However,o(a) and  the graph [24]. Finally, the most general case is when the lis-graph core
o(ay) depend “practically” only on trace(ag), sincec(ag) is constantly ¢ontains more than one strongly-connected component: being a directed
lagging behindo(as) with respect to the amount of informative eventyrapn  a lis-graph can be efficiently partitioned in strongly-connected
seen up to any instant. In particular, the¢h term of traces(a;) depends  components using Tarjan’s Algorithm [26]. Then, the maximum cycle
on the(n-1)-th term ofo(ag) becausev(a;) = 0, and ther-th term of trace  ean can be determined for each strongly connected component and the
o(ay) depends on thén-2)-th term ofo(ag) becausav(ay) = 1. O largest of these means is clearly the maximum cycle mean for the lis-

The definition of lis-graph behavior is reminiscent of fileg semantic graph.

of an event graph a common abstraction used to model discrete evegt
systems [2]. In fact, the presence of eithiesr a natural number on an

arca; = (vj, Vi) can be seen as the result of the processing completed byAs discussed in Section 3, moving from the specification of a system
vertexvj in accordance with thés-graph firing semantiexpressed by to the final layout, the latency of some communication channels may be
the following rules:

Recycling

3The usual definition of the cycle mean of a cy€eis A(C) = % as in [2, 16]. We
r . . . added the terniC| to the numerator, because the firing of a lis-graph node takes one time unit,
b IndeDendence RUvaery Vertexvl fires the first informative event modeling the fact that every module in a latency insensitive system is sequential.

(corresponding to natural number 1) independently. However, a tracéSee [11] for a survey of the proposed algorithms.
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higher than the clock period, due to the length and the delay of the wires

olas) = 1234567809.
implementing them. In particular, from the analysis of the layout we can 2221; - 1 g g j g g ; g g
determine for each wire what is the smallest multiple of the desired clock c(a; - 1234567809.
period that is larger than its delay. If this multiple is greater than 1 then the gg:g; RS SOSEASE
wire is markedllegal. The presence of illegal wires in the layout implies o(@a) = 123456789,
that the final implementation is not correct. To capture this concept in our POV I
model we attach to each arc of the corresponding lis-graph a value denoted o@ag) = 1ltT2134567809.
o@g) = 1lt1213456789..

as the length of the arc. o) = 1211314567849..
Definition 5.1 A lis-graphG = (s,t,V,A,w,l) is annotated iffa length Figure 7: Case (a) of Ex. 5.%(G') = 1, (A%(G,G') = 0).
I(&) € IN is associated to each arg & A.

olas) = 1234567809.
Definition 5.2 Let G= (s,t,V,A,w,l) be an annotated lis-graph. G is gggg C o 1234s%TEe.
legaliff Va; € A, (W(aj) >1(aj)—1). Anarcg € As.t.(w(aj) <l(aj)—1) ofag) = 123456789,
. . ofag) = 1234567809.
is anillegal arc olas) = 1234567809.

olag) = 1234567889.
All the definitions given for lis-graphs are naturally extended to annotated gg:;i - 1 i f o f i ‘T‘ o f e f o Z i f; T9...
lis-graphs. Now, thanks to the latency insensitive methodology, we can olag) = 12TT3TT4TT5TTI6TT7TTBITO...
correct the final layout by introducing the necessary amount of relay sta- ggl;)) S SRIITATTORTOTTIRTEITS.

tions to make sure that the delay of each wire is less than the desired clock
period. Similarly, a non-legal annotated lis-gra@lcan be transformed Figure 8: Case (b) of Ex. 5.B(G) = 3,(A9(G,G') = 66%).

into an equivalent legal annotated lis-gra@hby simply incrementing

the weights of its arcs by the appropriate quantity. Siéce G', for all 51 jliegal wires, e.g. the first two have a delay between 1 and 2 clock
behaviors o_fG t_here isa cor_respondent equivalent behavioGof This periods, while the third one has a delay between 2 and 3 clock peri-
transformation is callececycling ods. Hence, we annotate the lis-graph with the vector of arc lengths
Lemma 5.1 Let G=(s;t,V,A,w,|) be a non-legal annotated lis-graph. Al = (1,2,2,1,1,1,1,1,3,1,1,1). Then, to avoid illegal arcs we must in-
legal annotated lis-graph G= (s,t,V,A,W 1) equivalent to G is obtained sert at least one relay station on both agcanda, and two relay sta-
from G by adding the quantiw(a;) = 1(a) — 1 —w(a;) to the weight of tions on arcag. In other words we transform the weight vector into
arc g, where ic [1, |A]]. w =(0,1,1,0,0,0,0,0,2,0,0,0). Not only the final design is functionally
Proof. For alli € [1,|A]], W (&) = w(a) +Aw(a) = I (&) — 1. Hence, by equivalent, but the performance of the system remains unaffected! In fact,
definition 5.2,G' is legal. FurtheG' = G, sinceG andG' differ only for the added relay stations will contairsymbols as initial values and will
their weights. O  provoke a certain amount of stalling in the down-link nodes (in particular,

L o _nodev, will stall once, while noders andv, will stall twice), but after
Although recycling is an easy way to correct the final implementatiqg, ; jnstants the system will reach its steady state processing data with

of the system and satisfy the timing constraints imposed by the clockyf, o565 (G') = 1. The corresponding lis-graph behavior is illustrated
doesn’t come without a cost. In fact, augmenting the weights of some alfeiq. 7

of G (i.e., inserting memory elements on the communication channels)(
may increase the maximum cycle mearGofi.e., increase the cycle time

: . a
of the system modeled iy and, symmetrically, decrease its throthpUt)periods. Then we legalize the annotated lis-gra@hby setting only

This is always the case if any aag, whose weightv(a;) is augmented, — . . .
belongs to the set of critical cycles &, simply becgu)se the numerator\tl)v(aﬂ = 2, while the othe_r Welghts_c_ould stay equal to 0. Sinday)
. . : . - elongs to a cycle of the lis-graph (it is a self-loop!), the system through-
in Equation 3 increases by the quantity(a;) while the denominator re- ut becomes (G) — 1 with degradationd (G, G') — 66%, as illustrated
mains unaffected. It may also happen that increasing the weights of Scﬁrwnﬁig 8 3 ’ ' 0
arcs makes a non-critical cycle @fbecome a critical cycle d&'. In any o
case, after completing the recycling transformation, we may exactly co@bserving case (a) of the previous example, we see that the shell encap-
pute the consequetitroughput degradatiodd (G,G’') = 9(G) —3(G'), sulating the module corresponding to nagenust have a queue of length
using one of the following methods: 1 at the input port of the feedback path associated;toSimilarly, the
. , . shell corresponding to nodg must have a queue of length 2 at the input
¢ zglt\ée(g))el\_ﬂax;mlljm Cycle Mean Problefor graphG', and simply port of the path associated &g. All the other shells do not need to have

AG)? any queue. Since the arcs having non-zero weight are not part of any cy-

e after establishing the set of cycles having at least one arc whosé&le (i.e. no relay stations are inserted on feeo_lback paths), these queues are
weight has been augmented, increment the cycle mean of eactgkessary only for the few clock cycles elapsing before the system reaches

ementC of 4 by the quantity.%. - i Aw(a;), whereg; are the arcs its steady state. Instead, for case (b), we see that we would need to insert
C] infinite queuest the input ports of the paths associate@dima,, as and

ag. Since infinite queues can not be realized in practice, the only choice
is to adapt the throughput of the rest of the system to the one of aycle

b) On the other case, assume that only the wire associated ias
delay larger than 1 clock period, particulary between 2 and 3 clock

of C which have been corrected. L¥t be the maximum among all
these cycle means, then

, 0 if \* <A(G) This is why a critical cycle dictates the throughput of the overall system.
A3 (G,G) = ﬁ\*g)(}\e) otherwise In this particular case to “slow down” the rest of the system is sufficient

to reduce the input throughput. From a theoretical point of view, this can
be achieved by simply adding a self-loop to the source node and putting
Example 5.1 Consider the lis-grap = (st,V,A,w) of Fig. 4, repre- 3 couple of extra relay stations on it. Obviously, in practice, this corre-
senting the MAC of Fig. 2. Let us study the following two cases: sponds to slow down the environment inside which the system operates.
(a) Assume that all arcs have zero weights, i.e that the vector gfgeneral, if lis-grap!@ contains more than one strongly connected com-
weights associated tas,a1,a2,83,84,85,86,7,88,89,810,&) IS W= ponent, the recycling transformation must be decomposed in two steps:
(0,0,0,0,0,0,0,0,0,0,0,0). Now, assume that after completing the im-
plementation of the MAC, the wires associated to agsay, and ag 1. (legalization). After deriving the the annotated lis-gra@h legalize
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Figure 9: Block Diagram of a MPEG-2 Video Encoder. Figure 10: The Lis-graph of the MPEG-2 Video Encoder.

it by augmenting the weights of the wires by the appropriate quantitshis encoder has been first (in 1996) implemented as a chip-set with two
as specified in Lemma 5.1; integrated circuits, and three years later as a single chip [13, 14]. Fig-
ure 9 illustrates its functional diagram. We assume that this diagram cor-

3

S . onds also to the block diagram of the final implementation and that, at
0.4 V\thCh 1S sustalnable_e by each stror_lgly connected componée%?‘ci clock cycle, every block%n the pipeline proSides a new informative
Sc € G’ (recall that9(So) 1S equal to the inverse of the maxmumdata item to the down-link block: in other words, at every cycle, on each
cycle mear\(S)). Equalize the throughputs by adding a quantlt%rc we have either a stalling symbol or a data value which is rlmrét
ng € Z* to the denominator of eadh(S;). This corresponds to aug-

ment by a quantity the weight of the critical cycl€ € S i.e. to care for the receiving block. We understand that this may not always be

distibuteny extra relay station@mong the corresponding paths. Tothe case at this level of granularity, because, for instanceQtiantizer

find the quantities is necessary to solve an optimization problenr1nay take more than one clock cyc_le to produce a_result Wh'Ch can trigger
; . a new computation of the down-linkwverse Quantizer Still, the pres-
as described in [7]. )
ence of these types aon’t caresmay only help from the performance
As Example 5.1 illustrates, the key to avoid big performance lossgsint of view and, in any case, to address the relationships between them
while recycling a lis-graplG is to avoid being forced to augment theand the latency insensitive protocols goes beyond the scope of this paper.
weights of those arcs which belong to a critical cyClef G. Furthermore, The lis-graphG for the MPEG-2 Video Encoder is reported in Fig. 10 and

as Equation 3 suggests, for the saw(€), the smaller is the cardinality contains 6 distinct cycles:

2. (equalization). Compute the maximum throughpdtS,) = ﬁ—* €

|C| of the cycle the worse is the loss in throughput®rThe worst case C =
) 1 = {ag,a10,a12}
is clearly represented by self-loops.
These considerations must be kept in mind while partitioning the func- C = {a,a1,a14 212}
tionality of the system in tasks to be assigned to different IP cores. It Cs = {as a17,a18 819,30}
is true that the latency insensitive methodology guarantees that no matter Cs = {as,as,aq,a7,8g,489,310,a13}

how bad is the final implementation of the system (in terms of lengths of .
the wires realizing the communication architecture), it is always possible G = {84,353 87,3, 3,311,814, 213}

to fix it by adding relay stations. Still, to achieve good performance, one Ce = {as a7 a8 a9,a11,815 817,218,819, 820}
should adopt a design strategy based on the following guidelines:

e all modules should put comparable timing constraints on the global'vIOSt arcs are common to more than one cycle, @gis contained

clock (i.e. the delays of the longest combinatorial paths inside eaBrC1,C2,C4,Cs, andCs ,but others are contained only in one cycle, e.g.

module should be similar); aig is part only ofCg. Finally, some arcs, _such asare not contained in
any cycle. We already know that increasing the weight of these arcs does
e modules whose corresponding lis-graph nodes belong to the saweaffect the system performance. But, what about the ones belonging
cycle should be kept close while deriving the final implementationto one or more cycles? Can we compute the degradation in performance

. " :
In general, the insertion of relay stations should be completed by an gugdvance. As a matter of fact, yes. Figure 11 reports the results of the

. : . S analysis that can be done based on the lis-graph model. The six curves
tomatic tool as part of the physical design process (similarly tdottier . - :
. . . . ; . in the chart are associated to the above cycles and their shapes should
insertiontechniques available in current design flows [9]). In fact, the re

) o : 8 interpreted as follows: each point of cu@eshows the amount of
advantage of the latency insensitive methodology is the new freedom 0f- - S .
: . A . system throughput degradation which is detected after setting the total sum
fered to “move around the latency” once the final implementation has be : . :
i) of the weight of the arcs df; equal to integek, with x € [0,20].

derived: not only problematic layouts can be fixed without changing t viously, the underlying assumption is tafs a critical cycle ofG, and

design of the individual modules, but also latency/throughput trade-offs .~ . )
o . Is limits the choice of those arcsGf whose weights can be augmented.
can be explored and optimized up to the late stages of the design pro- ;
. o : . or example, assume the{Cy) = 5, as a result of summing(ag) =

cess. Meanwhile, the traditional design methodology, which relegates this . . e
) X . . -~ 4 W(a1) = 1,w(a14) = 0, andw(ag2) = 0. In this caseC; is definitely
exploration at the floorplan level, is losing effectiveness, because the intér- - . ) 514 9
. o ; not a critical cycle. In fact, its cycle meani$C;) = == = 7 = 2.250,

action among the components of a modern system on silicon is becomi

too complex, as the following case study illustrates. Wwitlle, even ifw(az) = w(asz) = 0, cycleCy, with w(Cy) = w(ag) = 4,

has a larger cycle mean, exaclfCy) = 453 = § = 2.333.
6 Case Study' MPEG-2 Video Encoder As Figure 11 confirms, the best way to avoid losing performance is to

increase the weights of those arcs that belong to bigger cycles. While per-
Examples of SOC are not abundant in literature. We have chosenfaming the recycling transformation this may or may not be possible: for
MPEG-2 Video Encoder [3] as an example for illustrating our methodxample if the length of ara; g is big, cycleC; will ultimately dictate the
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Figure 11: Analysis of Throughput Degradation for the MPEG-2.

system throughput. However, in general the latency insensitive methodc[JEIs-
ogy allows us to push around relay stations without need of re-designi
any module. This, may be useful for example to reduce the length of an
arc such asg, which belongs to both big and small cycles, while increas-
ing in exchange the length afg, which is only part ofCs: assuming that, [10]
before re-balancind,ag) = 3 andl(a19) = 1, while, after re-balancing,
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