R: A Language for Data
Analysis and Graphics

Ross THAKA and Robert GENTLEMAN

In this article we discuss our experience designing and implementing a statistical
computing language. In developing this new language, we sought to combine what we
felt were useful features from two existing computer languages We feel that the new lan-
guage provides advantages in the areas ot portability, computational etticiency, memory
management, and scoping.
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1. INTRODUCTION

This article discusses some i1ssues involved in the design and implementation of a
computer language tor statistical data analysis. Our experience with these 1ssues occurred
while developing such a language. The work has been heavily influenced by two existing
languages—Becker, Chambers, and Wilks™ § (1985) and Steel and Sussman’s Scheme
(1975). We ftelt that there were strong points in each of these languages and that 1t would
be interesting to see 1t the strengths could be combined. The resulting language 1s very
stmilar 1n appearance to S, but the underlying implementation and semantics are derived
from Scheme. In fact, we implemented the language by first writing an interpreter tor a
Scheme subset and then progressively mutating it to resemble S.

We added S-like features 1n several stages. First, we altered the language parser so
that the syntax would resemble that of §S. This created a major change in the appearance
of the language, but it should be emphasized that the change was entirely superficial;
the underlying semantics remained those of Scheme. Next, we modified the data types
of the language by removing the single scalar data type we had put into our Scheme
and replacing it with the vector-based types of §. This was a much more substantive
change and required major modifications to the interpreter. The final substantive change
involved adding the S notion of lazy arguments for functions.

At this point we had enough ol a framework in place to begin building a full statistical
language. This process 1s ongoing, but we feel that we are well on the way to building a
complete and useful piece of software. The development of the key portions of language
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took two years of part-time etfort on our part. This comparatively rapid development
has been possible because we were able to make use of the well-documented work of
Scheme (and Lisp) implementors and the pioneering work of Becker, Chambers. and
Wilks as well as that of Tierney (1990).

The language we have developed differs from S in a number of ways. Some of this
difference is just implementation detail, and some i1s more fundamental. In the tollowing
sections of this article we will describe what these differences are and the lessons that

we feel are to be learned from our work.

We have named our language R—in part to acknowledge the influence of S and in
part to celebrate our own efforts. Despite what has been a nearly all-consuming effort,
we have managed to remain on the best of terms and retain our interest in computers
and computing.

2. DESIGN ISSUES
2.1 SyYNTAX

A computer language 1s described by s svntax and semantics. These provide de-
scriptions of the form and substance of the language. In a sense, the syntax ot a language
1s entirely superfictal. What 1s or 18 not possible with a language 1s determined by its
semantics. On the other hand, the syntax of a language 1s important because 1t determines
the way that users of the language express themselves. Indeed. many users differenti-
ate computer languages on the basis of their syntax rather than the underlying semantic
ditterences.

This article concentrates on language structure. but clearly there are other 1ssues
that are important 1n a language for statistical computing. A major one being rools. The
language—that 1s, syntax and semantics—plus the tools are combined into what can
be called the run-time environment. This environment s the typical user’s view of the
program. Users want a language that 1s not only flexible but also provides them with
a variety of tools for performing computations. Having good syntactic and semantic
structure alone will not yield a useful language nor will their absence create a useless
language.

Scheme provides a particularly good example of the design of a programming lan-
guage. It 1s often regarded as a member of the Lisp family of languages, but Abelson,
Sussman, and Sussman (1985) pointed out that 1t 1s as closely akin to Algol 60 as to
early Lisps. Scheme concentrates on providing a small but powerful set of capabilities
that are easily extended and can be used to solve a wide variety ot problems.

In designing R, we chose to adopt the underlying evaluation model of Scheme
together with the syntax of S. We chose the S syntax for our language because it is a
powerful means for data analysts to express the computations that they need to carry out.
Indeed. 1t 1s possible that the continuing success of S relative to Lisp-Stat (Tierney 1990)
1s because 1t provides a syntactic structure that expresses statistical ideas in a manner
that statisticians feel comfortable with.

Scheme and 5 have obvious syntactic differences. Despite this they are actually
quite similar in their basic structure. Consider the similarity 1n two defimtions of a
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simple factorial function.

# factorial i1n S
factorial <- function(n)
1f{n <= 0) 1 else n * factorial{n - 1)

- factorial 1n Scheme
(define factori1al (lambda (n)
(1f (<= n 0) 1 (* n (factorial (- n 1))))))

Once one understands that Scheme writes f(r) as (f x) anda~bas (- a b) and
that define corresponds to <- and lambda to function, the two definitions are
seen to be essentially 1dentical. In fuct, turning S expressions into the s-expressions of
Scheme generally imvolves only simple rearrangements.

In what follows, we will suppose that the reader 1s familiar with S syntax. A de-
scription of that syntax can be found in Becker, Chambers, and Wilks (1983).

2.2 EVALUATION AND ENVIRONMENTS

A mathematical expression of the form cos(n/4) can be thought of as a symbolic
description of how to compute a numerical value. Such an expression is meaningful only
because we understand what its component symbols mean. In the case of this expression,
we understand that cos 15 a mathematical function that computes cosines. 7 1~ @ numerical
constant that gives the ratio of a circle’s circumterence to its diameter, 4 is a small integer,
and / is a binary operator (function of two arguments) that performs division. Similarly,
an expression written in a computer language i1s not sutficient in itself to dehine the value
to be returned by a computation. In addition, values must be associated with the symbols
that appear in the expression.

In both Scheme and S the association between symbols and values is provided by
what we will call an environment. An environment consists of a list of environment
frames, each of which can be thought of as a hst of symbol/value pairs. When a value
1s required for a symbol, the environment 1s searched frame-by-frame, pair-by-pair until
a matching svmbol/value pair 1s found. Because an environment is required by the eval-
uation process, we will speak of evaluating an expresston in an environment. The same
expression can vield different values when evaluated in different environments.

Environments are created during the process of function evaluation. For example.
suppose we have a function square defined by

square <- function(x) x * X
and we use it 1n the expression
square (10)

When this 1s evaluated, an environment frame 1s created that associates the symbol x
with the value 10. This becomes the first frame of an environment which we will write
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as
{r— 10:p,}.

where p, denotes the tollowing or parent trames ot the environment. The body of the
function (1.e., x * ) 1s then evaluated in this environment.
During the evaluation, values are sought for the symbols x and *. The value of x

1s found 1n the first environment frame. but the value of * 1s not defined there and must
be sought 1n the other trames of the environment.
In Scheme, these other environment frames are those that existed when the function

sguare was defined. This 1s tn contrast with S, where the environment frames are a
fixed set of global frames. This upparentlv minor difference has major ramifications and
arguably provides the major difference between the two languages. Because R 1s derived
from Scheme, 1t has adopted the Scheme evaluanon model.

To see that there 1s a difference between the two evaluation models. consider the
tollowing example (which can be run 1n either R or S).

v o<-— 123
f <- function(x) {
v o <—- X * X
g <~ function() print(y)

g ()

}
£{(10)

When this code fragment 1s executed, S prints 123 and R prints 100. This points to a
major ditference between R and S that involves free variables; variables used in functions
that are not defined by the formal parameters to the function. The manner in which values
arc attached to these free variables differs between R and S.

[t 1s informative to follow the evaluation process through for this code fragment. In S
the evaluation proceeds as tollows. The mnitial assignment v <- 123 defines the value
of v to be 123 in the global environment. We will represent this initial environment as

po = 1y — 123 p. 1.

where p. 1s the parent environment consisting of system-defined functions and constants.
Detining the function £ modihes o o

oo = {y— 123, f— oip.}.

where ¢ represents the function assigned to £.
When § evaluates £ (10) 1t creates a new environment frame that associates x with
the value 10 and which 1s parented by g.

pr = {r— 10:pa}.

The body of f 1s then evaluated in p;. The first assignments of the function body modify
p1 with assignments to v and g.

o = Ar— 10,y — 100, g+ ~v:pp}.






