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1 Introduction

Dynamic languages incur the runtime overhead of an interpreter or JIT (just-in-time)
compiler. While this real-time setting allows less room for complex optimization
passes than the preprocessed nature of compiled code, it also presents new oppor-
tunities for dynamic optimizations that depend on data collected during program
execution.

Costa et al. [I] proposed specializing a JavaScript function based on the values
that are being passed in, compiling the function with its parameters replaced by
constants. This transformation enables additional instances of standard code op-
timizations such as constant folding and dead-code elimination. However, it’s too
costly to compile and store a new version of the function each time it’s called with
new arguments. Hence, they specialize each function only once and, if a later call
uses different arguments, the function is compiled in its general form and will never
again be specialized.

Despite its overhead next to the simplicity of most JavaScript functions, this
approach usually manages to boost performance because, as Costa’s data shows,
about half of all functions in a typical JavaScript program are called in only one way.
Nonetheless, their method wastes numerous opportunities. Consider a frequently
called function that gets the same argument list 90% of the time. Costa would
permanently discard the specialized function after observing a single instance of
changing arguments. A better way to handle this would be to keep the specialized
version, as well as a general version to fall back on for the remaining 10%. Or
consider the case where only a subset of the arguments ever change, so that a partial
specialization would still be very useful. The most frequent argument values may
even change over long periods of time. It’s costly to generate, maintain, and select
among multiple versions of each function, so we must strike some balance.



Note that for very simple or infrequently called functions, the overhead of a more
elaboration specialization scheme is sure to exceed its benefits. This project is mo-
tivated by functions which are more computationally intensive, yet frequently called
with common arguments. This is often the case in more demanding applications such
as physics, graphics and video games where, for instance, we may need to render or
simulate objects with recurring values for gravity, timestep, or ambient light. In
these settings, we’ll afford some overhead as the potential benefits are greater. For
simpler functions, we may revert to Costa’s scheme, or use no specialization at all.

As we failed to obtain experimental results, we note with apologies that this
document will read like a theoretical report with some discussion and speculation of
the practical consequences. We present a parameter specialization algorithm, discuss
its advantages and pitfalls, and prove a bound on the performance overhead.

2 Core Framework

From now on, we use the term specialization to mean a compiled and optimized
function with none, some or all of its parameters replaced by constant values. When
designing a specialization scheme that uses runtime data, we must answer some
questions: what data should we collect, and how should we organize it? Which
specializations should we generate or delete, and how should we organize those?
How do we efficiently select an existing specialization to use for a new function call?
For the most part, this report is concerned with time but not memory, so let’s ignore
the deletion question.

If we allow specializations which fix arbitrary subsets of the parameter list, then
exponentially many of them might match a given function call, making it difficult to
sort through them. Furthermore, we cannot afford the overhead of scanning through
the argument list multiple times during a single function call, to see which of our
specializations’ parameter lists match it.

For these reasons, we restricted our attention to specializing over suffixes of the
parameter list. Why suffixes instead of prefixes? We could have chosen any ordering,
but it’s common programming practice to place parameters with default values last,
so it’s more often fruitful to replace the latter parameters by constants. Regardless
of the ordering, this restriction ensures there is a unique optimal match among a
given set of specializations for any given function call: that which fixes the largest
number of parameters, all of which match the new call.

Even so, it’s too costly to find the longest match by sequentially scanning over all
specializations. Fortunately, suffixes of an argument list can be efficiently stored and
matched in a tree structure which we’ll call the Parameter Specialization Tree



(PST) of a function: let the root (at depth 0) correspond to the trivial specialization,
i.e. the function’s general form. Edges from the root are labeled by possible values
for the final parameter, and lead to nodes corresponding to the specialization of
that parameter. In general, edges from depth d — 1 to depth d are labelled by
possible values for the d’th-to-last parameter, and lead to nodes corresponding to
the specialization in which the last d parameters are set to the values on the node’s
path from the root. The PST begins as a lone root and grows as new function calls
are made, accomodating the paths corresponding to each argument list. During each
call to an n-ary function, we traverse the n 4+ 1 nodes corresponding to its argument
list, and each node counts the number of times it was visited.

While this PST structure still presents considerably higher overhead than Costa’s
method, it is fairly reasonable, at least for the more expensive functions: a traver-
sal demands only about as many operations as scanning through the argument list.
Although each node should be thought of as corresponding to a particular special-
ization, only a small fraction of these specializations will ever actually be compiled;
the remaining nodes will instead carry a null pointer. Choosing which nodes to com-
pile is an interesting problem: a variety of statistical criteria are compatible with
this framework, but finding one that’s likely to yield a performance advantage is a
challenge.

Given a set of compiled nodes, selecting the one to execute for a particular func-
tion call is easy: always use the deepest non-null pointer found during the call’s
PST traversal. It points to the matching specialization with the greatest number of
parameter-by-constant replacements, making it the most optimized.

3 Statistical Method

Our milestone report presented a very simple statistical criterion: we would compile
a node when its visit count exceeded that of its most visited child by at least a
specified constant, say 10. However, we soon found flaws with this criterion, a
major one being that it tends to compile redundantly. For instance, suppose each
of the calls foo(1,4), foo(2,4) and foo(3,5) is made 12 times, totalling 36 function
calls. Then of course, we compile all three full specializations. However, we would
also compile the redundant partial specializations foo(_,4) and foo(_,_) because
24 > max{12,12} + 10 and 36 > max{24, 12} + 10, respectively.

Therefore, we will propose a new criterion with better theoretical properties.
Before doing so, let’s briefly remark that no matter what criterion is employed, we
should take care always to have compiled a common ancestor of the function calls
to date (where the node corresponding to each call is the deepest in its traversal
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path, the same as its full specialization). Otherwise, there may be no valid node to
execute. The simplest way to achieve this is to compile the root upon the first call
to the function. A greedier strategy is to always ensure the least common ancestor
is compiled; this method provides deeper specializations, but may compile up to n
additional nodes for an n-ary function in the worst case. As a middle ground, we may
apply a close analogue of Costa’s method: begin by compiling the full specialization
corresponding to the first call, and then, the first time a different argument list is
seen, compile the unspecialized root.

In order to explain the statistical criterion by which the remaining node compi-
lations are made, define non-negative weights for each parameter of each function in
the program. These weights should represent the approximate benefit of replacing
that parameter by a constant value for a single execution of the specialized function.
It can be estimated by a static analysis of the function code, or the weights might
simply all be set to 1.

For a given PST containing some compiled specializations, define its utility with
respect to a function call to be the total weight of all parameters that would be
replaced by constants in the specialization it selects. Let the PST’s total utility
be the sum of its utilities with respect to every function call in its history. For a
candidate specialization which isn’t yet compiled, let its marginal utility be the
amount by which the PST’s total utility would increase if the compilation were per-
formed. The marginal utility can be computed as the product of two quantities: (1)
the sum of weights of the parameters which this specialization replaces by constants,
but none of its compiled ancestors in the PST do; and (2) the number of recorded
calls which visited this specialization’s node without visiting any of its compiled de-
scendants. During a function call, if any of the nodes in its path have a marginal
utility exceeding some specified threshold, we compile the deepest of those.

Pseudocode is listed in Algorithms[I]and 2] node.count is the number of traversals
that visited a particular node, and node.descCount is the number of traversals that
visited at least one of its compiled proper descendants.

Algorithm 1 InitPST()

root < new Node()
root.spec <— compileParameterSpecialization(root)




Algorithm 2 CallUpdateAndSelect(args)

Node cur <+ root
Node opt < root
int sumWeights < 0
for all arg : args in reverse order do
NodeRef next < root.child[arg]
if next = NULL then
next <— new Node(parent=cur)
end if
cur < next
cur.count <— cur.count + 1
sumWeights <— sumWeights + weight(arg)
marginalUtility < (cur.count - cur.descCount) * sumWeights
if cur.spec # NULL then
opt < cur
sumWeights < 0
else if marginalUtility > COMPILE_THRESHOLD then
opt < cur
end if
end for
int ACount < 1
if opt.spec = NULL then
opt.spec < compileParameterSpecialization(opt)
ACount < opt.count - opt.descCount
end if
cur <— opt
repeat
Cur <— cur.parent
cur.descCount < cur.descCount + ACount
until cur.spec # NULL
return opt.spec;




4 Analysis

What can we say about the algorithm’s performance? We already discussed that the
tree traversal constitutes a significant enough overhead that the simplest functions
should disregard the PST method altogether. However, for those which do use the
PST, the compilation of multiple parameter specializations may be even more costly.
Ideally, we’d like to prove that the cost of our PS compilations is always less than
the performance benefit they provide. However, such a guarantee is too tall an order
because parameter specialization is by its nature speculative: a single execution of
the specialized code can’t be expected to cover for its own compilation cost, so we
can only hope to cover it by later executions which we cannot predict. Accepting
this, it’s encouraging that we can guarantee the next best thing: the compiled spe-
cializations are worthwhile in the context of the call history; in other words, provided
the parameter weights were accurate, had all of our current parameter specializations
been available from the start, they would have yielded a net gain!

Theorem 1. Algorz'thms and@ compile at most 1+ COMPI%’?};JE%%SHOLD param-

eter specializations. Therefore, if the cost of compilation is COMPILE_COST, a
non-negative counterfactual net gain (relative to compiling only the root) is assured
by setting COMPILE_-THRESHOLD > COMPILE_COST.

Proof: We proceed inductively. Initially, we have zero utility and just the trivial
root specialization, so the relation holds. Notice that while the set of specializa-
tions remains static, the total utility may increase but never decrease. Thus, the
only case left to consider is when a new specialization is added. In this case, the
total utility increases by the new specialization’s marginal utility, which is at least
COMPILE_THRESHOLD. Hence, by the induction hypothesis, we get at most
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Remarks: For conciseness, the above algorithm and proof never consider delet-
ing a specialization. Since the introduction of certain specializations decreases the
marginal utility of others, we may want to free memory by removing specializations
which have become redundant. We can extend the algorithm to delete any special-
izations it encounters with marginalUtility < DELETE THRESHOLD. With this



modification, we can still bound the total number of compilations, both stored and
deleted, by 1 + COMPILE,THRES};(gtgg]—szgLETE,THRESHOLD'

So what does it all mean? What seems like a nice result must be interpreted
with care in the context of typical computer programs. Once again, it should be
emphasized that the PST is of no use if the overhead of tree traversal dominates
the potential benefits of parameter specialization. In most simple cases, Costa’s
method suffices. Now, if the cost of tree traversal is ignored, then we’'ve seen that by
appropriately tuning the COMPILE_THRESHOLD parameter, we can avoid further
losses. In the extreme case, setting it to a very large value prevents any nontrivial
specialization from taking place at alll At more reasonable levels, the counterfactual
benefit will not translate to real gains if the function is called in an adversarial manner
(e.g. never calling with arguments for which we’ve already specialized). However, if
the call pattern is reasonably consistent, then it seems we might do well by setting
the threshold to some multiple of COMPILE_COST. Ultimately, the only way to
find out is by running high-quality experiments, which we haven’t yet prepared.

5 Conclusions and Future Work

We proposed a novel framework, the Parameter Specialization Tree, for storing and
selecting parameter specializations to execute at runtime. Furthermore, we present
statistical criteria for the creation and deletion of specializations, and discuss some
of their properties. However, without proper testing, it’s hard to say anything con-
clusive.

There are many possible directions in which to further develop the method,
though these should only be attempted after learning more about its practical perfor-
mance via experiments. We can be more careful in choosing the weights and orderings
of parameters, perhaps by incorporating a just-in-time static analysis phase, or with
real-time data. If certain parameters don’t seem important enough for optimization
purposes, we can ignore them for the purposes of the PST, thus reducing the overhead
substantially. We might also consider decaying the node visit counts exponentially
over time, so as to limit memory use in cases where the call distribution of functions
changes gradually over long periods of time.

Finally, it might be exciting to see whether some elements of our techniques can
apply to static languages. A mixture of static analysis and sample runs of a program
can feed data into a compiler, which might then it to generate multiple specialized
versions of certain functions. While the data may be less dynamic in this case, we
benefit from a relative lack of performance overhead since the data structure is only
needed during offline compilation.
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