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Abstract sion in analysis cost. Specifically, we build sound abstractions to

avoid state space explosions, effectively enumerating all possible
schedules with a product machine.

One application of our technique is to minimize buffer memory
used by code generated by the SHIM compiler for the Cell Broad-
band engine (Vasudevan and Edwards 2009). The heterogeneous
Cell processor (Kahle et al. 2005) consists of a power processor el-
ement (PPE) and eight synergistic processor elements (SPEs). The
SHIM compiler maps tasks onto each of the SPEs. Each SPE has
its own local memory and shares data through the PPE. The PPE
synchronizes communication and holds all the channel buffers in
its local memory. The SPE communicates with the PPE using mail-
boxes (Kistler et al. 2006).

We wish to reduce memory used by the PPE by overlapping
buffers of different channels. Our static analyzer does liveness
analysis on the communication channels and determines pairs of

Keywords Concurrency, SHIM, Static Analysis, Buffers, Opti- buffers that are never live at the same time. We demonstrate in

Most compilers focus on optimizing performance, often at the
expense of memory, but efficient memory use can be just as impor-
tant in constrained environments such as embedded systems.

In this paper, we present a memory reduction technique for the
deterministic concurrent programming language SHIM. We focus
on reducing memory consumption by sharing buffers among the
tasks, which use them to communicate using CSP-style rendezvous
We determine pairs of buffers that can never be in use simultane-
ously and use a shared region of memory for each pair.

Our technique produces a static abstraction of a SHIM pro-
gram’s dynamic behavior, which we then analyze to find buffers
that can share memory. Experimentally, we find our technique runs
quickly on modest-sized programs and often reduces memory re-
quirements by half.

mization Section 7 that the PPE’s memory usage can be reduced drastically
for practical examples such as a JPEG decoder and an FFT.
1. Introduction Below, we describe the SHIM language (Section 2), how we

model its behavior to analyze buffer usage (Section 3), how we
compose models of SHIM tasks to build a product machine for the
whole program (Section 4), how we avoid state explosion while

doing this (Section 5), and how we use these results to reduce
buffer memory usage (Section 6). We present experimental results
in Section 7 and related work in Section 8.

Embedded systems have limited memory. Overlays, which
amount to time-multiplexing the use of memory regions, is one
way to reduce a program’s memory consumption. In this paper, we
propose a technique that automatically finds opportunities to safely
overlay communication buffer memory in a concurrent program-
ming language.

The technique we present here determines what buffer memory
may be shared in SHIM programs (Edwards and Tardieu 2005;
Tardieu and Edwards 2006a,b). This is closely related to some of SHIM (Edwards and Tardieu 2005; Tardieu and Edwards
the techniques used by Vasudevan and Edwards (2008), although2006a,b) is a C-like concurrent programming language. Tasks in
we solve a different problem. SHIM communicate through multi-way rendezvous channels. To

SHIM is an asynchronous concurrent language and is schedulingthe usual collection of C-like expressions and statements it adds
independent: its input/output behavior is not affected by any non- two constructspar for specifying concurrency andextfor com-
deterministic scheduling choices taken by its runtime environment, municationp par gruns statemenfsandq in parallel and finishes
due to processor speed, the operating system, scheduling policywhen bothp and g terminate.next cis the communication con-
etc. A SHIM program is composed of sequential tasks that syn- struct that synchronizes on chanrmellt sends data if it appears
chronize whenever they want to communicate. The language is aon the left side of an assignment and receives data otherwise. To
subset of Kahn networks (Kahn 1974) (to ensure determinism) that preserve determinism, SHIM has no global or shared variables.
employs the rendezvous of Hoare's CSP (Hoare 1985) for commu-  In Figure 1, two tasks run concurrently withimainand com-
nication to keep its behavior tractable. municate on channetsandb. Thenext ain task 1 is a send because

SHIM processes communicate through channels. The sequencet appears on the left side of the assignment. fi&xet aof task 2 is a
of symbols transmitted over each channel is deterministic, although receive. Similarly, theaext bof task 2 is a send amext bof task 1
the relative order of symbols between channels is generally unde-is a receive. Th@ext ain task 1 assigns 6 ta and waits for task 2
fined. If the sequences of symbols transmitted over two channels doto receive the value. The tasks therefore rendezvous atribgs,
not interfere, then we can safely share buffers. We propose a tech-then continue to the next statement. Next, the two tasks rendezvous
nigue for establishing ordering between pairs of channels; if such atnext b There, task 1 receives the value 8 from task 2.
ordering cannot be established, we conclude that the pair cannot If there are two or more senders on a particular channel, the
use the same buffers. compiler simply rejects the program. If the statememggt aand

Our analysis is conservative: if we establish two channels can next b = 8were interchanged, the program would deadlock.
share buffers, they can do so safely, but we may miss opportuni-  SHIM compiles to C. Back ends produce code for a variety of
ties to share certain buffers because we do not model data and mayenvironments: shared-memory multiprocessors using the pthreads
treat the program as separate pieces to avoid an exponential explodibrary (Edwards et al. 2008), the IBM Cell Broadband Engine (Va-

2. TheSHIM programming language
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void main()

chaninta, b;
{// Task 1

next a= 6;// Send 6 on a (synchronize with task 2)
/[ a =6 here

next b; // Receive b (synchronize with task 2)

/I'b =8 here

} par { // Task 2

next a; // Receive a (synchronize with task 1)

/la =6 here

next b =8;// Send 8 on b (synchronize with task 1)
/['b =8 here

}
}

Figure 1. A SHIM program in which two tasks exchange data on
channelsa andb

sudevan and Edwards 2009), and single-threaded processats that
not require thread support (Edwards and Tardieu 2006a). SHEV ha
also been implemented as a library for Haskell (Vasudevan et al.

void main()

chaninta, b, c;
{// Task 1

next a= 6;// Send a (synchronize with task 2)
} par { // Task 2

next a; // Receive a (synchronize with task 1)
nextb=a+ 1;// Send 7 on b (synchronize with task 3)

} par { // Task 3

next b; // Receive b (synchronize with task 2)
nextc=hb+ 1;// Send 8 on ¢ (synchronize with task 4)

} par { // Task 4

next c; // Receive ¢ (synchronize with task 3}
/l c =8 here

}
}

Figure2. A SHIM program to illustrate the need for buffer sharing

2008). Hardware translation has also been proposed by Edwards

and Tardieu (2006b) but has not yet been implemented.

In this paper we address an optimizing technique for SHIM —
buffer sharing. In the program in Figure 2, the main task starts four
tasks in parallel. Tasks 1 and 2 communicateaoiThen, tasks 2
and 3 communicate omand finally tasks 3 and 4 on The value
of ¢ received by task 4 is 8. Communication arcannot occur
simultaneously with that df because task 2 sequentializes them.
Similarly communications ob andc are sequentialized by task 3.
Communications oa andc cannot occur together because they are
sequentialized by the communication bnOur tool understands
this pattern and reports that b andc can share buffers because
their communications never overlap, thereby reducing the total
buffer requirements by 66% for this program.

3. Abstracting SHIM Programs

First, we assume that a SHIM program has no recursion. Ed-
wards and Zeng (2008) show how to remove bounded recursion,
which makes the program finite, rendering the buffer minimization
problem decidable. We do not attempt to analyze programs with
unbounded recursion.

Although the recursion-free subset of SHIM is finite-state and
therefore tractable in theory, in practice the state space of even a
small program is usually too large to analyze exactly; a sound ab-
straction is necessary. A SHIM task has both computation and com-
munication, but because buffers are used only when tasks commu-

void main() {
chaninta, b, c;
{/l Task 1

for (inti =0;i<15;i++) { // state 1
if (1%2==0)
nexta=5;
else
nextb=7;
/I state 2
next b= 10;

/] state 3
} par { // Task 2
/] state 1
nextc=13;
/I state 2

next b;
/] states 3 & 4

}

nicate, we abstract away the computation.
Since we abstract away computation, we must assume that all

Figure 3. A (contrived) SHIM program with a loop, conditionals,
and a task that terminates

branches of any conditional statement can be taken. This leaves

open the possibility that two channels may appear to be used si-
multaneously but in fact never are, but we believe our abstraction
is reasonable. In particular it is safe: we overlap buffers only when

3.1 AnExample

we are sure that two channels can never be used at the same time Consider the SHIM program in Figure 3. Timeain function

regardless of the details of the computation.

Buffer Sharing in Concurrent Programs

starts two tasks that communicate through chanadisaandc.
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T2 T2

(a) Ty~ Tz (a,b,cr1,12) (b) M- Ty - Ta(a,b,CT1,72,71)

Figure5. Composing tasks in Figure 4: (a) MergifigandT,. (b) Inlining Ty - Tz in M.

on b, communicating the value 10, thél terminates. During
| subsequent iterations df, T talks to itself on eitheb twice or
aandb once each.
| In the program in Figure 3, communication brcannot occur
simultaneously with that on ¢ becau$g sequentializes the two
communications and therefoteand ¢ can share buffers. On the
other hand, there is no ordering between chanaaisdc; a andc
b can rendezvous at the same time and thered@nedc cannot share
T2 buffers. By overlapping the buffers bfandc, we can save 33% of
the total buffer space.
Our analysis performs the same preprocessing as Vasudevan and
Edwards (2008). It begins by removing bounded recursion using
(a) M (a,b,crin1) (b) T1 (ab1i) (c) T2(b,cr2) the technique of Edwards and Zeng (2008). Next, we duplicate
functions to force every call site to be unique. This has the potential
Figure4. The main task and its subtasks of producing an exponential blow-up in code side, but we have not
observed it in practice.
At this point, the call graph of the program is tree, enabling us
The first task communicates on channalsind b in a loop; statically determine all the tasks and the channels to which each is
the second task synchronizes on chanoelsdb, then terminates. connected.
Once a task terminates, it no longer compelled to synchronize on  Next we disregard all functions that do not affect the communi-
the channels to which it is connected. Thus after the second taskcating behavior of the program. Because we are ignoring data, their
terminates, the first task just talks to itself. A process is said to talk behavior cannot affect whether we consider a buffer to be sharable
to itself when it is the only process that participates in a rendezvous. We implicitly assume every such function can terminate—again, a
Terminated processes do not cause other processes to deadlock. Safe approximation.

At compilation time, the compiler dismantles the main function Next, we create an automaton that models the control and com-
of Figure 3 into taskd; andT,. T; is connected to channedsand munication behavior for each function. Figure 4 shows automata
b since a and b appear in the code sectiomofSimilarly T» is for the three tasks (mairly, andTz) of Figure 3. For each task,
connected to channesandc. During the first iteration of the loop ~ we build a deterministic finite state automaton whose edges repre-
in Ty, Ty talks to itself ona; since no other task is connectedao sent choices, typically to communicate. The states are labeled by

Meanwhile, T, talks to itself onc. Then the two tasks rendezvous program counter values and the transitions by channel names. Each
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automaton has a unique final state, which we draw as a double box.DEFINITION 1. A deterministic finite automatoi is a 5-tuple
There is a transition from every terminating state to this final state (Q,Z,d,q, f) where Q is the set of states,is the set of channels,
labeled with a dummy channel that indicates such a transition. An g € Q; is the initial state, fe Q is the final state,and CQx ~ —
automaton has only one final state but can have multiple terminat- Q is the partial transition function.

ing states. In thd@; of Figure 3, 1 is the terminating state, 3 is the

final state, and they are connected hy which is like a classi- DEFINITION 2. If Ty and T are automata, then theomposed au-

cal ¢ transition. Ané transition would make the automaton non- tomatonTy - To = (Q1 x Qp, 21U 23, 812, (qa, d2), (f1, f2)), where,

deterministic. Therefore we create this dummy charmethat is for (p1, p2) € Q1 x Q2 and ac ¥, U2y,

unique toTy, and therefore allowl; to freely move from state 1 to 5 a) ifacs,andac So:

state 3 without having to synchronize with any other another task. <6l(pl? ), &2(p2,3)) it 21 nd 22
The main function has a dumniy,; transition from its start to (8(p1,2), p2) acjia

the entry of state ZT;||T2), which represents thear statement in S1o((p1, p2),a) = (agyzorp=f);

main In general, we create a dummy channel for eveay in the ’ (p1,02(p2,@)) ifaey,and

program. (ag 3y orpr=f);
Figure 5(a) shows the product & andT,—an automaton that undefined otherwise:

represents the combined behaviorTaf and T,. We constructed
Figure 5(a) as follows. We start with state (program counter) values is the transition rule for composition.
(1,1). At this point, Ty can communicate oa and move to state
2. Therefore we have an arc fro(d,1) to (2,1) labeled bya.
Similarly, T, can communicate oaand move to its state 2. From
state(1,1) it is not possible to communicate drbecause onlyi;

In general, ifT; hasm states andl, hasn, then the product
T - To can have at mostinstates. The states are labeled by a tuple
composed of the program counter values of the individual tasks.

is ready to communicate, n@ (T, is also connected t). Also at Each state can have at mésbutgoing edges, wheieis the total

: : " ; number of channels. Consequently, the total number of edges in
tsga(t;(llj 1), Ta can terminate by taking the transitignand moving the graph can at most bank (k accounts for the extra and i
From state(3,1), T» can transition first to staté3,2) by com- channels—one extra channel per task and ongagr

oot oot Below, we demonstrate that the order in which automata are
municating on channeland then to staté3, 3) by communicating ' ) .
on b; these transitions do not change tﬁi s)tatéldbecause ithas  COMPosed does not matter, although the state labels will be differ-
alreédy terminated ent. First, we define exactly what we mean for two automata to be

From (2,1), T, can communicate oo and change the state to equivalent.
(2,2). Similarly from (1,2), T; can communicate oaand move to DEFINITION 3. Two automata T= (Qq,%1, 81,0y, f1) and B =
(2,2). In state(1,2) it is also possible to communicate bnsince (Q2,%2,8,0p, ) are equivalent(written T, = T») if and only if
both tasks are ready. Therefore, we have anbafom (1,2) to 31 = 3, and there exists a bijective function ®; — Qs such that

(2,3). SinceT; may also choose to terminate in stéte2), there is o =b(q), f»=b(f1), and for every [ Q; and ac 1, either both

an arc from(1,2) to (3,2) on 1. Other states follow similar rules. a) and are defined an a)—b a
To determine which channels may share buffers, we consider g%(bpotrz are u%éegcm)ed) B2(0(p).2) = b(on(p.2))

all states that have two or more outgoing edges. For example, in

Figure 5(a), stat¢1,1) has two outgoing transitions cenand c. LEMMA 1. Composition is commutative; TTo = T - Ty.

Either of them can fire. In other words, this is a case where the .

program may choose to communicate on eitner ¢, meaning the ~ PROOFBY definition, Ty - To = (Q1 x Q2, 21U %2, 812, (G, o), (1, f2))
contents of both of these buffers are needed at this point. Thus Weand T2- Ty = (Q2 X Q1,22 U 23, &1, (G, ), (2, f1)). We claim
conclude buffers foa andc may not share memory. We prove this  P((P1, P2)) = (P2, p1) is a suitable bijective function.

formally later in the paper. First, note that; UXp = £ UZy, (G2,01) = b((d1,d2)), and
From Figure 3, itis evident thatandb can never occur together (f2, f1) =Db((f1, f2)).
becausd; sequentializes them. However, since s{at®) has out- Next,
going transitions om andb, our algorithm concludes thatandb Sa(b((p1, p2)), )
can occur together. However, they actually can not. We draw this
conclusion because our algorithm does not differentiate between = %(( pz, P1),8)
scheduling choices and control flow choices (i.e., due to condition- (%2(p2,8),01(p1,a)) ifae yoandac 3y;
als such asf andwhile). By doing this we are only adding extra (& p2, a), p1) ifaey,and
behavior to the system and disregarding pairs of channels whose (@ag sy orp = fi);
buffers actually could be shared. This is not a big disadvantage be- if ac . and
cause our analysis remains safe. For this example our algorithm (P2, &1(P1, ) 21
only allowsb andc to share buffers. @gy20rpz=fa);
Figure 5(b) is obtained by inlining the automaton Tar To— undeflned otherwise;
Figure 5(a)—withinM. This represents the entire program in Fig- 01(p1,d),0%(p2,a)) ifacy;andac 3y;
ure 3. Since theoar call is blocking, inliningT; - T, within Mis <p1752(p2’ a)) if acy,and
safe. We replaced state 2 of Figure 4(a) with Figure 5(a) to obtain (@g 54 0rp1=f):
Figure 5(b). The conclusions are the same as that of Figure 5(a)— =b \ 210rpL=Ty);
only b andc can share buffers. (&1(p1,a), P2) ifacy,and
(agyz0rp=fa);
. undefined otherwise;
4 Merging Tasks = b(r2((P1. P2). )
In this section, we use notation from automata theory to for- thys 7,. T, =T, T,. O
malize the merging of two tasks. We show our algorithm does not
generate any false negatives and is therefore safe. LEMMA 2. Composition is associativéTy - Tp) - T3 =Ty - (T2 - T3).
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PrROOFBY definition,(Ty - T2) - T3 = ((Q1 X Q2) X Q3, (Z1UZp) U
23,0123, (A1, ), A3), ((f1, f2,), f3)) and Ty - (T2 - T3) = (Qq x
(Q2 x Q3),Z1 U (22U Z3), Oy23), (A (U2, U3)), (Fa, (2, f3))). We
claimb({({p1, p2), P3)) = (p1,{P2, P3)) is a suitable bijective func-

tion.

First, note thatZ; U Z,) USs = £1U (S U Z3), (01, (G, Ga)) =

b({(d1,d2),0s)), and(fy, (2, f3)) = b({(f1, f2), f3)).
Next,

3123 (b({(P1, P2), P3)),d)
= O1(23)((P1, (P2, P3)), @)

(01(p1,@), (B2(P2,@), &3(P3,a)))

(01(p1,@), (G2(P2, ), P3))
(01(p1,@), (P2, 33(p3, @)))

(61(p1,@), (P2, P3))

<pl7 <62(p23a)763(p37a)>>

(p1,(02(P2,a), P3))

(p1, (P2, %3(p3.@)))

undefined

<<51(p17a)7 62(p27a)>7 63(p37a)>

((41(p1,a), %2 (p2,@)), P3)
((31(p1,@), P2), &3(Ps3,@))
((31(p1,8), P2), P3)

<<pl:52(p27a)>7 53([)3,8.))
((p1,02(p2,)), P3)

((p1, P2), 83(p3,a))

undefined

=b(J123(((P1. P2). P3).a))

Thus,(T1-Tp) - T3) =T1 - (T2 Ta).

ifacy;andac y,and

acys;

ifacy;andae y,and

(ag¢ 3zorpz=fs);

ifac 3, andac yzand

(@g yo0rpp = f2);

ifaey,and

(agyporp,=fy)and

(ag y3orps= f3);

if ac y,andae y3and

(ag yqorpyr=f1);

if ae 3, and

(@ag yiorpr=f1)and

(ag yzorpz=fa);

if ac yzand

(@¢ 31 0rp = f1) and

(@g yoorpp=fy);
otherwise;

ifac 3, andae 3, and
acys;
ifacy;andac 3, and
(ag yzorps=fa);
ifacy;andae y3and
(@ag yoorpp=fy);
ifac yqand
(ag3ysorpy=f)and
(@ag yzorps=f3);
ifac y,andae y3and
(@ag yporpr=fy);
if ac y,and
(ag yiorpy=f1)and
(a¢ yzorpg=f3);
if ac yzand
(a¢g yp0rpp=f1)and
(@ag yoorpp=fy);
otherwise;

LEMMA 3. T T T3 Tn=(((T1- T2) - T3) -+ ) - Tn

PROOF Since the Composition is commutative and associative7 we pairs Of Channe|S are unCOﬂ'[I’O”ed, eliminating the Chance to Shal’e
can build the entire system incrementally by composing two tasks buffers between them.
at atime.

Buffer Sharing in Concurrent Programs
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LEMMA 4. The outgoing transitions from a given state represent
every possible rendezvous that can occur at that particular state.

PrRooFAccording to the definition 06, we add an outgoing edge
to a state for every rendezvous that can happen immediately after
that state.

Multiple outgoing arcs from a state may represent choices due
to control statements (such &s or while). d(p1,a) = g2 and
o(p1,b) = g, then we have two outgoing choices due to control
flow.

On the other hand, a scheduling choice may occur when com-
posing two tasks. A scheduling choice occurs when the ordering
between two rendezvous is unknown. This happens when two dif-
ferent pairs of tasks can rendezvous on two different channels at
the same time.

Supposea € ¥; anda ¢ 2, andd1(p1,a) = g1, and ifb e X
andb ¢ 21 and &(p2,b) = gz, then 812({p1, P2),@) = (q1, P2)
andoro({p1, p2),b) = (p1,q2). Thus, for every possible scheduling
choice, we have an outgoing edge from the given state.

The absence of any choice due to control or scheduling will
leave it with either one or zero outgoing arcs. Consequently, the
outgoing transitions from a given state represent all possible ren-
dezvous that can occur at that particular state. They represent both
control flow and scheduling choices. a

A scheduling choice imposes no ordering among rendezvous,
therefore allowing the possibility of the rendezvous to happen at
the same time.

THEOREM 1. Two channels a and b can share buffersvify, at
most one od(p,a) andd(p,b) is defined, but not both.

PROOF Supposea and b can rendezvous at the same time and
if p1 represents the state of the program counter just before the
rendezvous, then by Lemma 4 we have two outgoing arcs fram
o(p1,a) = g andoé(py,b) = g2

Consequently, fodp both d(p,a) and d(p,b) exists. Con-
versely, if Vp at most one o&(p,a) and &(p,b) exists, then we
can safely say that andb can share buffers. m|

Our algorithm does not differentiate between control flow
choices (e.g., due td or while) and scheduling choices (due to
partial ordering of rendezvous). Both kinds of choices produce
states having multiple outgoing arcs. We conclude that arcs going
out from the same state cannot share buffers. The multiplicity can
be contributed only by control choices leading to false positives,
but our system is safe; whenever we are unsure, we do not allow
sharing.

5. Tackling State Space Explosion

If two tasks communicate infrequently, there is a possibility that
the number of states in the product machine will grow too large
to deal with. We address this by introducing a threshold, which
limits the stack depth our recursive product machine composition
function may use, and corresponds to the longest simple path in
the product machine. If we reach the threshold, we stop and treat
separately the two tasks being composed.

This heuristic, which we chose because our implementation
was running out of stack space on certain complex examples, has
the advantage of applying exactly when we are unlikely to find
opportunities to share buffer memory. Tightly coupled tasks tend to
have small state spaces—these are exactly those that allow buffer
memory to be shared. Loosely coupled tasks by definition run
nearly independently and thus the communication patterns of most

Algorithm 1 shows the composition algorithm. It recursively
composes two statgs and pp. The depthvariable is initialized

5 2009/5/9



to 0 and incremented whenever successor states are composedilready in the group. Channels in the same group can share buffers.
Whenevedepthexceeds the threshold, we declare failure. This algorithm runs in polynomial time but does not guarantee an
optimal solution.

Algorithm 1 composeps, p2, 21, 2, depth threshold

7. E i tal Result
1: if depth< thresholdthen xperimen SUlts

2. forallaeZ;UZ,do We implemented our algorithm and ran it on various SHIM
3: (O1,92) = d({p1, P2), Q) programs. Table 1 lists the results on running the experiments
4: if (q1,02) &€ hashthen on a 3 GHz Pentium 4 Linux machine with 1 GB RAM. For
5: Add (01, 02) to hash each example, the columns list the number of lines of code in the
6: composefs, g, X1, Z», depth+ 1, threshold program, the total number of channels it uses, the number of tasks
7: end if that take part in communication (i.e., excluding any functions that
8: endfor perform no communication), the number of bytes of buffer memory
9: dse saved by applying our algorithm, what percentage this is of overall
10:  print “Threshold exceeded” buffer memory, the time taken for analysis (including compilation,
11: end if abstraction, verification, and grouping buffers), and the number of

states our algorithm explored. For these experiments, we set the
threshold to 8000.

Source-Sink is a simple example of a FIFO with two processes:
one that passes data and the other that prints the results through an
IESutput channel. Pipeline is a modification of source-sink that uses
two buffer processes in between the input and output process.

THEOREM 2. If our algorithm concludes that two channels a and Bitonic Sort uses multiple tasks for that compare and shuffle

b can share buffers after abstracting away channel c, then a and b Pars of data values. They interact through thirteen channels.
can still share buffers in the presence of c. The Prime Number Sieve example has bounded recursion and

uses the technique of Edwards and Zeng (2008) to remove it.
PrROOF If a and b can share buffers, then there is a sequential  The Berkeley example has communication patterns that are data
ordering between them. By SHIM semantics (Edwards and Tardieu dependent. We abstract away the data, making it simpler to analyze.
2006b), introduction of a new channel can create ordering between ~ Framebuffer contains aline drawing task that drives a:6460
two channels that are not ordered, but can never disrupt an existingvideo framebuffer. The communication pattern is complicated.
sequential ordering. Therefore, if our algorithm concludes thattwo ~ FFT takes an audio file as input, divides it into 1024-sample
buffers can share channels, the introduction of a new channel doesblocks performs fixed-point FFT on each block, then does an in-
not affect the conclusion. O verse FFT. It uses the largest buffers of all the example programs.
We conclude that two channels can share buffers only if two The JPEG decoder is one of the largest applications currently
conditions hold: the two channels have been explored completely written in SHIM. It has multiple IDCT processors that run concur-
and every state has at most one of the two channels in its outgoingrently on groups of macroblocks passed around through buffers.
edge set. The FIR filter is a parallel filter with twenty-eight channels.
We take a bottom-up approach while merging groups of tasks. It takes about thirteen seconds to analyze this program and the
Tasks in a (preprocessed) SHIM program have a tree structure. Wenumber of states explored is about eighty thousand. Since this was
merge the leaf tasks of this tree before merging their parents. We one of the more challenging examples for our algorithm, we tried
stop merging when all tasks have exceeded the threshold, or if thevarying the threshold. Table 2 summarizes our results. As expected,
complete program has been merged. This approach works nicelythe number of visited states increases as we increase the threshold.
because it allows us to stop whenever we run out of time or space With a threshold of 1000, we hardly explore the program, but

We draw conclusions about local channels (whose scope has
been completely explored) and we remain silent about the others.
We make safe conclusions even when other channels have not bee
completely explored.

without ruining safety. higher thresholds let us explore more. When the threshold reaches
5000, we have explored enough of the system to begin to find
6. Buffer Allocation opportunities for sharing buffer memory, even though we have not
Our static analysis algorithm produces aS#tat contains pairs ~ €xplored the system completely. )
of channels that can share buffers. Bebe the complement of this _Experimentally, we find that the analysis takes less than a
set. We represent it as a graph: channels represent vertexesrand f Minute for modestly large programs and that we can redl{ce buffer
every pair(G;,cj) € S, we draw an edge betweenandc;. Two space by 60% and therefore considerable amount of PPE’s memory

adjacent vertexes cannot share buffers. Every node has a Weight,for examples like the bitonic sort and the prime number sieve.
which corresponds to the size of the channel.

Minimizing buffer memory consumption, therefore, reduces 8. Related Work
to the weighted vertex covering problem (Malaguti et al. 2008; Many memory reduction techniques exist for embedded sys-
Malaguti 2008). It is defined as follows: A graghis colored with tems. de Greef et al. (1997) reduce array storage in a sequential
p colors such that no two adjacent vertexes are of the same color.program by reusing memory. Their approach has two phases: they
We denote the maximum weight of a vertex colored with célor internally reduce storage for each array, then globally try to share

as maxi), and we need to find a coloring such tlgﬂ:l max(i) is arrays. By contrast, our approach looks for sharing opportunities
minimum. The problem is NP-hard. globally on communication buffers in a concurrent setting.
We use a greedy first-fit algorithm to get an approximate solu- Streamlt (Thies et al. 2002) is a deterministic language like

tion. Let G be a list of groups. InitiallyG is empty. We order the SHIM. Sermulins et al. (2005) present cache aware optimizations
channels in non-increasing order of the buffer sizes, then add theby exploiting communication pattern in Streamlt programs. Their
channels one by one to the first non-conflicting grouirf there aim is to improve instruction and data locality at the cost of data
is no such group, we create a new grougiand add the channelto  buffer size. We have the opposite goal of reducing buffer sizes.
this newly created group. A group is defined to be non-conflicting Chrobak et al. (2001) schedule tasks in a multiprocessor en-
if the channel to be added can share its buffer with every channel vironment to minimize maximum buffer size. Our algorithm does
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Example Lines Channeds Tasks BytesSaved Buffer Reduction Runtime States

Source-Sink 35 2 11 4 50 % .Ds 394
Pipeline 35 5 9 16388 25 .D 68
Bitonic Sort 35 5 13 12 60 Q 135
Prime Number Sieve 40 5 16 12 60 .50 122
Berkeley 40 3 11 4 333 06 285
FIR Filter 110 28 28 52 483 138 74646
Framebuffer 185 11 16 28 .002 13 15761
FFT 230 14 15 344068 50 .® 3750
JPEG Decoder 1020 7 15 772 .56 18 517

Table 1. Experimental results with the threshold set to 8000

Threshold BytesSaved Buffer Reduction Runtime  States

2000 0 0% Bs 10024
3000 0 0 15 23530
4000 0 0 # 51086
5000 52 4643 124 70929
6000 52 4643 128 72101
7000 52 4643 135 73433
8000 52 4643 138 74646

Table 2. Effect of threshold on the FIR filter example

not add scheduling constraints to the problem: it reduces the total sider all tasks that can communicate from that state, rather than a
buffer size with affecting the schedule, and thereby not affecting single task.
the overall speed. .
The work of Murthy and Bhattacharyya (2000, 2001, 2004, - Conclusions
2006) and Teich et al. (1998) is closest to ours. They describe sev- We presented a static buffer memory minimization technique
eral algorithms for merging buffers in signal processing systems for the SHIM concurrent language. We obtain the partial order
that use synchronous data flow models (Lee and Messerschmittbetween communication events on channels by forming the product
1987). Govindarajan et al. (2002) minimize buffer space while ex- machine of potentially all tasks in a program.
ecuting at the optimal computation rate in dataflow networks. They ~ We remove bounded recursion and expand each SHIM program
cast this as a linear programming problem and solve it. Sofro- into a tree of tasks and use sound abstractions to construct for each
nis et al. (2006) propose an optimal buffer scheme with a syn- task an automaton that performs communication. Then we use the
chronous task model as basis. These papers revolve around minimerging rules to combine tasks.
imizing buffers in a synchronous setting; our work solves similar We abstract away data and computation from the program and
problems in an asynchronous setting. Our approach finds if there isonly maintain parallel, communication and branch structures. We
an ordering between rendezvous of different channels based on theabstract away the data-dependent decisions formed by conditionals
product machine. We believe that our algorithm works on a richer and loops. We do not differentiate between scheduling choices and
set of programs. conditional branches. This may lead to to false positives: our tech-
Lin (1998a,b) talks about an efficient compilation process of nique can discard pairs even though it can share buffers. However,
programs that have communication constructs similar to SHIM. He our experimental results suggest this is not a big disadvantage and
uses Petri nets to model the program and uses loop unrolling tech-in any case our technique remains safe.
niques. We did not attempt this approach because loop unrolling  Our algorithm can be practically applied to the SHIM compiler
would cause the state space to explode even for small SHIM pro- that generates code for the Cell Broadband Engine. For instance,
grams. we can save 344KB of the PPE’s memory for the FFT example.
Static verification methods already exist for SHIM. For exam- We reduce memory without affecting the run-time schedule or
ple, Vasudevan and Edwards (2008) build a synchronous systemperformance. By sharing, two or more buffer pointers point to the
to find deadlocks in a SHIM program. They make use of the fact same memory location and this can be done at compile-time during
that for a particular input sequence, if a SHIM program deadlocks the code-generation phase.
under one schedule it will deadlock under any other. By contrast,  To avoid state space explosion, we introduced a threshold for
the property we check in this paper is not schedule-independent: limiting the recursion depth our algorithm must handle. We plan to
two channels may rendezvous at the same time under one scheduléook into more modular techniques that allow a set of tasks to be
but may not under another schedule. This makes our problem moreanalyzed independent of the remaining sets.
challenging. We currently ignore SHIM’s exceptions (Tardieu and Edwards
Edwards and Tardieu (2006a) describe a partial evaluation 2006b). Exceptions in SHIM provide a convenient way to terminate
method that combines multiple concurrent processes to producepeer tasks and they are deterministic in behavior. We also plan to
sequential code. Again, they make use of the scheduling indepen-consider exceptions in the future.
dence property by expanding one task at a time until it terminates
or blocks on a channel. On the other hand, we expand all possible

communications from a given state and therefore forcing us to con- Marek Chrobak, Janos Csirik, Csanad Imreh, John Noga, Jail.Sgnd
Gerhard J. Woeginger. The buffer minimization problem for ripudt-
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