N
N

N

HAL

open science

Faster Lifetime-optimal Speculative Partial Redundancy
Elimination for Goto-free Programs
Xuran Cai, Amir Kafshdar Goharshady

» To cite this version:

Xuran Cai, Amir Kafshdar Goharshady. Faster Lifetime-optimal Speculative Partial Redundancy Elimination
for Goto-free Programs. Symposium on Dependable Software Engineering Theories, Tools and Applications

(SETTA), Nov 2024, Hong Kong, Hong Kong SAR China. <hal-04727773)

HAL Id: hal-04727773
https://hal.science/hal-04727773v1

Submitted on 9 Oct 2024

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Au‘to':'lizition
HAL Authorization


https://hal.science/hal-04727773v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

Faster Lifetime-optimal Speculative
Partial Redundancy Elimination
for Goto-free Programs

Xuran Cai and Amir Goharshady

Hong Kong University of Science and Technology
Clear Water Bay, Hong Kong, China
xcaiay@connect.ust.hk, goharshady@cse.ust.hk

Abstract. Lifetime-optimal Speculative Partial Redundancy Elimina-
tion (LOSPRE) is one of the most classical, ubiquitous and effective
techniques used by compilers for redundancy elimination, i.e. avoiding
unnecessary recomputations of the same expression. State-of-the-art meth-
ods for LOSPRE over structured programs are based on treewidth, i.e.
they first compute a tree decomposition of the control-flow graph of the
program and then perform dynamic programming on this decomposition.
In this work, we consider a different decomposition approach which is
called series-parallel-loop (SPL) and was recently introduced in [8]. We
present an efficient linear-time LOSPRE algorithm that builds upon SPL
decompositions. We then provide extensive experimental results over the
Small Device C Compiler (SDCC) benchmarks, demonstrating that our
algorithm outperforms the highly-optimized treewidth-based approach of
SDCC.

Keywords: LOSPRE - Structured Programs - Compiler Optimization -
Control-flow Graphs - Graph Decompositions.

1 Introduction

RE and its Extensions. Redundancy elimination (RE), i.e. avoiding repeated
and unnecessary computations of the same expression, has been a goal of opti-
mizing compilers since their early days. Put simply, if the same expression e is
used in several different locations in a program, it might be beneficial to compute
e once, store it in a temporary variable, and then use it whenever the program
reaches any of the locations that need e. One of the first formalizations of this
problem was provided in 1970 as Global Common Subexpression Elimination
(GCSE) [17]. Later approaches considered removing redundancies that appear
only in a subset of paths of the control-flow graph, leading to Partial Redundancy
Elimination (PRE) [37]. An enhancement to PRE, introduced by Lazy Code-
Motion (LCM) [33], focuses on achieving lifetime optimality by minimizing the
lifetimes of the temporary variables it introduces. This is also helpful for reducing
register pressure. Another classical improvement is that of Speculative PRE
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(SPRE) [7I28], which selects the path for adding computations based on profiling
information with the goal of maximizing the benefits of PRE. Putting the ideas of
LCM and SPRE together leads to Lifetime-Optimal SPRE (LOSPRE), which is
currently the most expressive approach to redundancy elimination and subsumes
all other methods mentioned above.

Example. Consider the C function in Figure [1| (left). If the compiler directly
compiles the code as written by the programmer without any optimization, it
will lead to the intermediate representation shown in Figure [1] (center). Note
that the gray nodes in this IR all compute the same expression a+b. Applying
LOSPRE to this expression will lead to the IR shown in Figure [I| (right). In this
case, a+b is computed only once and saved in a temporary variable temp. Then,
all future uses of a+b are replaced by temp. Naturally, this optimization is sound
only if there are no changes to the values of a and b between successive uses of
temp. Moreover, it comes at a cost. Adding extra computations might change
the code size and keeping temporary variables may increase register pressure,
affecting performance. Such costs can be formalized and minimized by LOSPRE.
See Section [2] for a more formal treatment.

ADD A, B, %0

int f(int a, int b){

ADD A, B, temp

if (a+b>3) {

return a+b-3;
} trug COMP temp, $3
else { ADD A, B, %0 ADD A, B, %0 tru

return at+b; l l ‘sua temp, $3, temp return_ temp
} ‘SUB %0, $3, %0 return_ %0 l l

return_ %0 }—){ end function

Fig. 1: A simple C function and its intermediate representation (IR) before and
after optimization.

return_ temp }—){ end function

Sparsity of CFGs. A control-flow graph (CFQG) is simply a graph that has
one vertex corresponding to each statement of the program and a directed edge
between two vertices whenever their corresponding statements may be executed
successively. For example, in Figure [I} we have shown the IRs as CFGs. Some
applications use a coarser definition of CFG, in which every vertex corresponds
to a basic block of program statements. In both cases, it is well-known that
control-flow graphs of real-world programs are sparse, resemble trees and can
be decomposed into sets of vertices of size at most 8 that are connected to
each other in a tree-like manner. More formally, CFGs of goto-free structured
programs have a treewidth of at most 7 [41]. This celebrated result has been
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used in a wide variety of program analysis, compiler optimization and model-
checking problems [24], which rely on the small treewidth property to obtain
faster algorithms for p-calculus model-checking [38], data-flow analysis [1227],
MDPs [TI63/T], reachability analysis [40/10], algebraic program analysis [T9I5ITT],
register allocation [35/54T], optimizing cryptocurrency miners’ revenues [3614],
cache management [2I13], reliability [26], chemical descriptors [18] and equality
saturation [25]. The original bound in [41] applied to Pascal and C programs, but
further works have extended it to other languages, such as Ada [6], Java [29/14]
and Solidity [9], as well as to path decompositions [20]. There are also negative
results, showing that bounded treewidth does not always help in verification [23].
Finally, the recent work [§] provides a new notion of decomposition, called series-
parallel-loop (SPL), which exactly captures the set of control-flow graphs of
structured goto-free programs and formalizes their sparsity.

Algorithms for LOSPRE. LOSPRE was initially solved by the min-cut-PRE
(MC-PRE) algorithm of [42], which has a runtime of O(n3), where n is the number
of nodes in the program’s control-flow graph. The same work also shows that
MC-PRE is equivalent to solving a weighted minimum cut problem on a directed
graph. Thus, applying Karger’s classical algorithm [32] leads to an improved
runtime bound of O(n?log®(n)). An almost-quadratic runtime is considered too
slow for many practical scenarios, especially just-in-time compilation [34J30139].
This led to the development of suboptimal approximation approaches [30/39] or
methods such as [31] that is empirically shown to work faster in practice while
having the same asymptotic worst-case complexity. A breakthrough in LOSPRE
was achieved by [34] in 2021, which provided a novel approach based on tree
decompositions and treewidth. The algorithm of [34] considers the control-flow
graph G of the program, computes a tree decomposition of G and then performs
dynamic programming on this tree decomposition, leading to a LOSPRE solution
that takes O(tw(G) - 2°%(%) . n) time, where n is the number of vertices in the
CFG and tw(G) is its treewidth.

Our Contribution. In this work, we consider the problem of LOSPRE over
structured goto-free programs. Our approach builds upon and extends the ideas
of both [34] and [8] to obtain a faster linear-time algorithm for LOSPRE. More
specifically, we exploit the sparsity of CFGs in order to design an algorithm with
O(n) runtime. However, unlike [34], we do not use tree decompositions. Instead,
we use SPL decompositions, which were defined in [§]. This leads to a much
simpler algorithm since SPL decompositions exactly capture the set of CFGs,
i.e. we are not solving the problem on a larger set of graphs than necessary.
Additionally, SPL decompositions do not ignore the directions of edges in the
CFG. This simplicity pays off in practice. We provide extensive experimental
results over the Small Device C Compiler (SDCC), which is a highly-optimized
compiler using [34], and show that our approach obtains significant performance
improvements over [34].

Organization. Section [2| provides a formal definition of the LOSPRE problem,
following [34]. Section [3|is an overview of the SPL decomposition method of [g].
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This is followed by our new LOSPRE algorithm in Section [d] Finally, Section
provides an experimental comparison of our approach and [34] over the SDCC
benchmarks.

2 LOSPRE

In this section, we present LOSPRE. We use the terminology and notation of [34].
LOSPRE is an intraprocedural analysis that considers a single function of the
program, modeled as a control-flow graph (CFG) G = (V, E). For example, the
two graphs of Figure [I| are CFGs. A CFG always has a single entry node and a
single exit node. The entry node corresponds to the beginning of the function
and the exit node to its termination. The entry node has no incoming edge.
Conversely, the exit node has no outgoing edge.

Use Sets. Consider an expression e. We define the use set U of e as the set of
all nodes of the CFG in which the expression e is computed.

Life Sets. Our goal is to precompute the expression e at a few points, save the
result in a temporary variable temp, and then use temp in place of e in every
node of U. We denote the lifetime of the variable temp by L and call it our life
set.

Invalidating Set. We say a node v of the CFG invalidates e if the statement
at v changes the value of e. For example, if e = a+b, then the statement a = 0
invalidates e. We denote the set of all invalidating nodes by I. These nodes play
a crucial role in LOSPRE since they force us to update the value saved in temp
by recomputing e. We assume that the entry and exit nodes are invalidating
since LOSPRE is an intraprocedural analysis that has no information about the
program’s execution before or after the current function.

Calculation Set. Given the sets U, L and I above, we have to make sure the
value of our temporary variable temp is correct at every node in U U L. Thus, for
every edge (z,y) € E of the CFG where 2 ¢ L and y € U U L, we have to insert
a computation temp = e between = and y. Similarly, if x € I, then the value
stored at temp becomes invalid after the execution of x, requiring us to inject the
same computation between x and y. Formally, the computation temp = e has to
be injected into the following set of edges of the CFG:

CULI) ={(x,y) e E|xgL\I N ycUUL}.

We call this the calculation set.

Ezample. Figure [2| shows an example of LOSPRE. The top part of the figure
is a CFG in which the use set of an expression e is shown in gray, i.e. we need
the value of e at vertices U = {2,4,5,7}. The invalidating set is shown in orange,
i.e. the vertices in I = {1, 6,8} invalidate e. The middle and bottom parts each
show one possible optimization. We show the lifetime of our temporary variable
in green.
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In the middle part, the temporary variable is alive at {2,3}. Thus, the
computation temp = e has to be injected into the edge (1,2). We can then use
temp instead of e in locations 2,4 and 5. However, we need to recompute e in
the edge (6, 7). In this case our computation set is {(1,2), (6,7)}. The edges in
the computation set are shown in blue.

In the bottom part, the temporary variable is alive only at position 3. Thus,
we first compute e when passing through (1,2) so that we have its value at
2. We then recompute e when going through (2, 3) and save it at a temporary
variable temp. This temporary variable is then used in place of e in 4 and 5. This
example shows a tradeoff in which fewer repetitions of the computation lead to a
longer lifetime for the temporary variable, which increases register pressure and
is undesirable for register allocation.

1 —> 2 4 —> 6 —> 7T —> 8

/

o

1l —>» 2 —>» 3 —>» 4 —>» 6 —>» 7 —> 38

NS

1l —» 2 —>» 3 —>» 4 —>» 6 —>» 7 —> 38

NS

o

Fig.2: An example of LOSPRE. The use set is shown in gray, the invalidating set
in orange, and the life set in green. The edges of the calculation set are shown in
blue.

Costs. There are two types of costs associated with the process above: (i) injecting
calculations into the edges in C'(U, L, I) and (ii) keeping an extra variable temp at
every node in L. These costs are dependent on the goals pursued by the compiler.
For example, a compiler aiming to minimize code size will focus on (i). On the
other hand, if our goal is to ease register pressure, we would want to minimize
(ii). LOSPRE is an expressive framework in which these costs are modeled by
two functions
c:EF— K

and
1.V = K.
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where K is a totally-ordered set with an addition operator, c is a function that
maps each edge to the cost of adding a computation of e in that edge and [ is
similarly a function that maps each vertex of the CFG to the cost of keeping the
temporary variable temp alive at that vertex.

Based on the discussion above, we are now ready to define our main problem.

Definition 1 (LOSPRE). Given a CFG G = (V,E), a use set U, an invali-
dating set I and two cost functions ¢ : E — K andl:V — K, the LOSPRE
problem is to find a life set L that minimizes the total cost

CosT(G,U,I,Lic,l)= > cle)+ Y _lv).

ecC(U,L,I) veL

Examples of Cost Functions. Suppose our goal is to optimize for execution
time. We use profiling to find frequencies of execution for each edge. We then
set K = R and ¢(z,y) to the frequency with which the edge (z,y) was executed.
Finally, we set I(z) = 0 for all vertices x. As another example, suppose that
we optimize for code size but also want to achieve lifetime-optimality, i.e. not
keeping the temporary variable alive when it is not necessary. In this case, we let
K = R? (using lexicographic ordering) and assign c(x,y) = (1,0) to every edge
(x,y) and I(x) = (0,1) to every vertex x.

3 SPL Decompositions

In this work, we build our algorithm on top of a decomposition method introduced
in [8]. This decomposition method is called SPL (series-parallel-loop) and is an
extension of series-parallel graphs with an extra loop operation. It is shown in [§]
that a graph is a CFG of a structured program if and only if it has an SPL
decomposition.

Structured Programs [{1|]. We say a program is structured if it can be gener-
ated using the following grammar:

P :=¢|break | continue | P; P (1)
| if © then P else P fi | while ¢ do P od.

Here, € is any atomic operation that has no effect on control flow, such as an
assignment to a variable. It is easy to define other structures such as for and
switch as syntactic sugar. See [4I] for details. We say a program generated by
the grammar above is closed if every break and continue statement appears
inside a while loop’s body.

SPL Graphs [8]. An SPL graph G = (V, E,S,T,B,C) is a directed graph
(V, E) with four distinct special nodes S, T, B,C € V, which are respectively
called the start, terminate, break and continue nodes, generated by the grammar
below:

G = Ae | Abreak | Acontinue ‘ G® G | G® G | G® (2)
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We now explain the operations in this grammar.

Atomic SPL graphs. There are three different atomic SPL graphs: A., Apreax,
and Acontinue- All of them contain only the four special nodes and only one edge
as shown in Figure

Fig.4: Two examples of the series operation ® [§].

SPL Operations. SPL defines three operations. Let Gy = (V4, E1,51,T1, By, Ch)
and Gy = (Va, Es, 52, T, B2, C5) be two disjoint SPL graphs. Then, the graphs
obtained by the following operations are also SPL graphs.
1. Series Operation. G1 ® G is generated by taking the union of G; and G5 and
merging the pairs of vertices M = (T3, 53), B = (B1, Ba), and C = (Cy, Cy).
The distinguished vertices of G; ® Gs are (S1,T5, B,C). It is easy to verify
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Fig. 5: An example of the parallel operation @& [8].

Fig.6: An example of the loop operation [g].
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that the series operation is associative. Figure [d] shows two examples of the
series operation.

2. Parallel Operation. G1 & G» is generated by taking the union of G; and Go
and merging the pairs of vertices S = (51,52), T = (T1,T2), B = (B, B2),
and C = (Cy, Cy). The special vertex tuple of G1® G4 is (S, T, B, C). Figure
shows an example of this operation.

3. Loop Operation. G? is generated by adding four new vertices S, T, B, C' to
G; and then adding the following edges: (S,51), (S,T), (11, S), (C1, S), and
(B1,T). The special vertex tuple of GY is (S, T, B, C). Figureﬁ@ shows an
example of the loop operation.

We say an SPL graph G = (V, E, S, T, B,C) is closed if there are no incoming
edges to the vertices B and C.

SPLs as CFGSs. Given the above definitions of structured programs and SPL
graphs, we have the following homomorphism which maps every structured
program to its control-flow graph. Moreover, this homomorphism preserves
closedness, i.e. closed programs are mapped to closed graphs. A graph is an SPL
graph if and only if it is the control-flow graph of a program [g].

cfg(e) = A cfg(break) = Apreax  cfg(continue) = Acontinue

cfg(Pr; P2) = cfg(P1) © cfg(P)
cfg(if ¢ then P; else P, fi) = cfg(Py) @ cfg(Fz)
cfg(while ¢ do P; od) = cfg(P,)®

SPL Decomposition. Given a closed program P, we can first parse it based
on the grammar in to generate a parse tree. Subsequently, by applying our
homomorphism above to this parse tree, we can derive a parse tree according
to for its control-flow graph. We use the term SPL decomposition to refer to
the parse tree of the CFG according to . It is easy to verify that this process
takes linear time. See Figure[7] as an example.

4 Owur LOSPRE Algorithm

In this section, we present a linear-time algorithm for LOSPRE using SPL
decompositions. As in Definition[I} the input to our algorithm consists of a closed
program P, its control-flow graph G = (V, E), a use set U C V, an invalidating
set I CV and two cost functions ¢: E — K and [ : V — K. Our goal is to find
a life set L C V that minimizes

CosT(G,U I, Licly= > cle)+ Y I(v).

ecC(U,L,I) vel

Step 1 (Initialization). Our algorithm computes an SPL decomposition of
G = cfg(P) by first parsing P and then applying the homomorphism of the
previous section.
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while x > 1 do while
if x >y then
T 4— T — Y
break if
else
Y y—x
continue ’
fi \ \
od

€ break € continue

x <1 g continue c
1

r>1 y<y—x

D

T>y
M,

\ ALY s \<v [
am
NN

Ae Abreax Ac Acontinue

Fig.7: A program P (top left), its parse tree (top right), the corresponding parse
tree of G = cfg(P) (bottom left) and the graph G = cfg(P) (bottom right) [§].
The edges of the graph are labeled according to the statements in the program.
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Step 2 (Dynamic Programming). Our algorithm proceeds with a bottom-
up dynamic programming on the SPL decomposition. Note that each node u of the
SPL decomposition corresponds to an SPL subgraph G,, = (V,,, Eu, Su, T, Bu, Cu)
of G which is either an atomic SPL graph (when wu is a leaf) or obtained by
applying one of the SPL operations to the graphs corresponding to the children
of u. See Figurem Let Iy, = {Su, Tu, By, Cy} be the set of special vertices of G,.
For every X C I, we define a dynamic programming variable dp[u, X]. Our goal
is to compute this dynamic programming value such that

dplu, X] = v, }\er}wnFX Cost(Gy,U, I, L,c,l).
Intuitively, we are considering a subproblem of the original LOSPRE in which
the graph is limited to G,,. Moreover, we only consider those solutions (life sets)
L for which LN I, = X. The value in dp[u, X] should then give us the minimum
cost among all such solutions. Below, we present how our algorithm computes
dplu, X] for every vertex u of the decomposition based on the dpl[-, -] values at
its children:

(2.1) Atomic Nodes: If G, is an atomic SPL graph, then the only vertices in
G, are the four special vertices. Therefore, we must have L = X. Our
algorithm computes each dp[u, X] as:

dplu, X] = Cost(G,,U, I, X, c,l) = Z cle) + Z I(v).
eeC(U,X,I)NG, veX

(2.2) Series Nodes: Suppose G,, = G, ® G,, where v and w are the children of u
in the SPL decomposition. Let X C I, and X, C I, be subsets of special
vertices of G, and G,, respectively. We say that X and X, are compatible
and write X = X, if the following conditions are satisfied:

- S, eX, & 5, €X;

- B,e X, B, eX;

- CyeX, & (C,eX.
Intuitively, compatibility means that the subsets X and X, make the same
decisions about including vertices in the life set L. Since S, = S, they
should either both include it or both exclude it. Similarly, B,, is obtained
by merging B, and B,,. Therefore, the decisions made for B,, and B, must
match. The same applies to C, which is a merger of C, and C,.
Now consider X, C I,. We say that X,, and X are compatible and write
X = X, if the following conditions are satisfied:

- T,eXp&e T, €X;

— By, € Xy & B, € X;

- CpeX,&(C,eX.
The intuition is the same as the previous case, except that we now have
T, = T,. Finally, we say that X, and X,, are compatible and write
X, = X, if

- T,eX, & S, € Xp.
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This is because T, and S,, are the same vertex of the CFG.
In this step, our algorithm sets

dp[u, X] = min dplv, X,] + dplw, Xu]| — [T € Xu] - U(Ty) — [By € Xo] - U(By) — [Cy € X)) - U(CY).

This is because every edge in GG,, appears in either G,, or G, but not both.
Thus, the cost of the edges would simply be the sum of their costs in the
two subgraphs. However, when it comes to vertices, T, and S,, are merged,
as are B, and B,,, and C, and C\,. Hence, we have to make sure we do
not double count the cost of liveness for these vertices. Since this cost is
counted in both dp values at the children, we should subtract it.

Parallel Nodes: We can handle parallel nodes in the same manner as series
nodes, i.e. finding compatible masks at both children and ensuring that
there is no double-counting of the costs of vertices. To be more precise,
let G, = G, & G,,. The compatibility conditions we have to check are as
follows:

X=X,&

(SuyeX&eS,eX, NT,eXeT,eX, NB,e X< B,eX, N C, e X&C,eX,);
X=sX,e

(SueXeS,eXy, NTyeXeT,eXy N BeX&B,eX,, N C,e X & Cy€ Xy);
Xy = Xy &

(SpeX,&S,eXy NTyeX, T, € Xy, N BpeX,&B,€X, N C,e X, &Cyp€Xy).

With the same argument as in the previous case, our algorithm sets

dplu, X] = min dp[v, X,] +dplw, Xu] — [Sy € Xo] - U(Sy) — [Ty € Xo] - U(Ty) — [By € X,] - U(By) — [Cy € Xo] - U(Ch).
X=X,
X=Xy
X, = X,

v w

Loop Nodes: Finally, we should handle the case where G,, = G®. This case
is quite simple. By construction, in comparison to G,, the graph G, has
four new vertices

Vnew = {SuaTLmBua Ou}

and five new edges
Enew - {(Su7 S’U)7 (Sua Tu): (T’U7 Su)7 (CU7 Su)7 (Bv; Tu)}

The two graphs G, and G, do not share any special vertices, i.e. I',NI, = (.
Moreover, for every edge (z,y) € Fnew we can decide whether (z,y) is in
the calculation set solely based on X and X,,. This is because z,y € XUX,,.
More specifically, (z,y) is in the calculation set if and only if

o(X, Xp,z,y) =z XUX,\I AN ye UUX UX,]

Thus, our algorithm sets:

dplu, X]= ) [(z)+ min dp[v, X, ]+ > e(X, Xy, 2, y)c(x,y).
2EVnewNX e (2,9)€ Enew
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Step 8 (Computing the Final Answer). Let r be the root of the SPL decom-
position. By definition, we have G, = G. The algorithm outputs minxcr, dp[r, X]
as the minimum possible cost for the given LOSPRE input. This is because G, is
the entire CFG G and any solution L will conform to exactly one of the different
possible values of X at r. As is standard in dynamic programming approaches,
one can reconstruct the optimal life set L that leads to this minimal cost by
retracing the steps of the algorithm and remembering which choices led to the
optimal value at each step.

Theorem 1. Given a LOSPRE instance consisting of a closed structured program
P, its control-flow graph G with n vertices, a use set U, an invalidating set I
and two cost functions ¢: E — K and l:V — K, the algorithm above solves the
LOSPRE problem of Deﬁnitz’on in O(n) and outputs

mLinCOST(G, U, I,L,cl) and argmin CosT(G, U, I, L,c,l).
L

Proof. Correctness is already argued above. Thus, we focus on the runtime
analysis. The SPL decomposition has O(n) vertices and can be computed in O(n)
as mentioned at the end of Section [3] At each vertex u of the decomposition, we
have 2% = 16 = O(1) different possible values for X. The computations in Step
(2.1) are over graphs with only four vertices and thus take O(1) time. In Step
(2.2) we have at most two compatible X,’s for each X. This is because inclusion
or exclusion of the vertices S, B, and C, in X, is uniquely determined by X
and only T, remains to be chosen. Similarly, for every fixed X, X,, there is a
unique X,,. Thus, computing each dp[u, X| in this step takes O(1) time. In Step
(2.3), every X induces a unique X, and a unique X,,. Hence, this step takes O(1)
time to compute each dp[u,x] value. In Step (2.4), we try 2¢ = O(1) different
X,’s for each X. Thus, the total runtime of Step 2 is O(n). Finally, Step 3 takes
the maximum of 2¢ = O(1) values. O

5 Experimental Results

Implementation. We implemented our LOSPRE algorithm in C++ and inte-
grated it with the Small Device C Compiler (SDCC) [21122].

Baseline. We compared our algorithm’s runtime with the treewidth-based
approach of [34], which is the current state-of-the-art in LOSPRE. This approach
has an asymptotic runtime of O(tw(G)-2%(%) . n) where tw(G) is the treewidth of
G. We did not consider other previous methods since they are significantly slower
with runtime bounds of O(n?) or O(n? - log® n). Additionally, SDCC already
includes a highly-optimized variant of algorithms for finding tree decompositions.
Furthermore, [34] is also implemented as part of SDCC.

Machine. The results were obtained on an Ubuntu 24.04 machine, equipped
with a 1.6 GHz dual-core Intel Core 15 processor and 4 GB of RAM.
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Benchmarks. We exactly followed the setup of [34], utilizing the SDCC re-
gression test suite as our benchmark set. This suite comprises a total of 20, 244
instances for LOSPRE. These benchmarks are embedded programs expected to
operate in resource-constrained environments. Therefore, the focus is on code
size optimization. More specifically, the goal is to minimize the total number
of computations in the resulting 3-address code. Thus, we use K = Z? with
lexicographic ordering. The cost assigned to each edge (z,y) is ¢(z,y) = (1,0). We
also enforce lifetime-optimality by assigning the cost {(x) = (0, 1) to every vertex
x. We only compare the runtimes. There is no output comparison since both
our approach and [34] find an optimal solution for LOSPRE, creating 3-address
codes of the same size. We enforced a time limit of 10 minutes and a memory
limit of 4 GB for each benchmark.

40000
30000
20000

10000 .

JE G P ——

250 1500 1750

Fig. 8: Runtime comparison of the treewidth-based algorithm in [34] (red) and
our approach (green). The z axis is the size of the CFG and the y axis is time in

LS.

Runtimes. Figures provide runtime comparisons between [34] and our
approach. On average, our algorithm takes 222.38 s, while the treewidth-based
approach of [34] has an average runtime of 1349.14 ps. The maximum runtime
was 21,524 ps for our algorithm compared to 32,284 ps for [34]. Our algorithm
significantly outperforms [34] in the vast majority of benchmarks. We identified
only 19 instances where our runtime exceeded 10,000 us, whereas [34] takes more
than 10,000 ps in 277 instances.

Discusston. In summary, our approach is approximately six times faster than the
previous state-of-the-art for LOSPRE. This represents a significant improvement,
particularly given that the treewidth-based approach of [34] is already highly
optimized and included in the well-established SDCC compiler. We believe there
are two main reasons for this speedup: (i) computing SPL decompositions is
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Fig.9: Runtime comparison of the treewidth-based algorithm in [34] and our
approach. The x axis is our runtime and the y axis is [34]’s runtime. Each dot
represents one LOSPRE instance. Instances for which our approach was faster
are shown in green and those for which [34] was faster are shown in red. The
axes are in logarithmic scale.

much faster than tree decompositions, and (ii) our algorithm’s runtime does not
depend on parameters such as treewidth and the constant factor hidden in our
O(n) asymptotic runtime analysis is small in practice.

6 Conclusion

We provided a novel algorithm for lifetime-optimal speculative partial redun-
dancy elimination over structured goto-free programs. Our algorithm exploits
the sparsity of the program’s control-flow graph. However, unlike the previous
state-of-the-art, we do not consider tree decompositions and treewidth. Instead,
we build our algorithm based on the different notion of series-parallel-loop (SPL)
decompositions. SPL decompositions can be computed much faster than tree
decompositions and our algorithm’s runtime is also independent of parameters
such as treewidth. As a result, we observed a significant 6x runtime improvement
in LOSPRE over benchmarks from the Small Device C Compiler. Our algorithm
works directly on the CFG of a source program, whereas many compilers, such
as LLVM, have an intermediate representation in the SSA form, which has been
exploited for various compiler optimization tasks. An interesting direction of
future research is to explore whether our speedups can be combined with those
obtained from SSA representations. On the other hand, a significant limitation
of our approach is that it can only be applied to goto-free programs. Extending
the SPL decomposition and our algorithm to support goto statements is another
interesting direction.
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