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Abstract .  We describe the compiler analyses of Reform Prolog and 
evaluate their effectiveness in eliminating suspension and locking on a 
range of benchmarks. The results of the analysis may also be used to 
extract non-strict independent and-parallelism. 

We find that 90% of the predicate arguments are ground or local, and 
that 95% of the predicate arguments do not require suspension code. 
Hence, very few suspension operations need to be generated to maintain 
sequential semantics. The compiler can also remove unnecessary locking 
of local data by locking only updates to shared data; however, even 
though locking writes are reduced to 52% of the unoptimized number for 
our benchmark set, this has little effect on execution times. We find that 
the ineffectiveness of locking elimination is due to the relative rarity of 
locking writes, and the execution model of Reform Prolog, which results 
in few invalidations of shared cache lines when such writes occur. 

The benchmarks are evaluated on a cache-coherent KSR-1 multipro- 
cessor with physically distributed memory, using up to 48 processors. 
Speedups scale from previous results on smaller, bus-based multiproces- 
sors, and previous low parallelization overheads are retained. 

1 I n t r o d u c t i o n  

An important  challenge in parallel processing is to keep parallelization overhead  
low: it does not  make sense to use up two or more processors just  to break even 
with sequential code. Another challenge is to make sure that  designs scale with 
the size of the machine. The design of the Reform Prolog system is an a t tempt  
to meet these challenges without making programming much harder than in the 
sequential case. 

Reform Prolog has been implemented on a varity of shared address space 
multiprocessors. The parallel implementation is designed as extension of a se- 
quential Prolog machine [1]. The implementation imposes very little overhead 
for process management,  such as scheduling and load balancing. 

We have previously described the compilation scheme [14, 15], execution 
model [2, 3], and parallel abstract  machine [2, 3] of Reform Prolog. In this paper 
we describe a set of compiler analyses and optimizations for increasing available 
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parallelism and reducing parallelization overheads. We discuss the effectiveness 
of the optimizations and the runtime space/time efficiency of the compiler. The 
system is evaluated on a cache-coherent large-scale multiprocessor with physi- 
cally distributed memory. 

2 Reform Prolog 

The Reform Prolog system supports a parallel programming model where a single 
conceptual thread of control is mapped to multiple low-level threads. Each thread 
runs an instance of the same recursive program in an asynchronous parallel 
computation. This model is often called SPMD (Single Program Multiple Data). 
The programming model is realized by a compilation technique that translates 
a regular form of recursion to a parallelizable form of iteration [14, 15]. 

Example I. The following program compares a sequence B with a list of se- 
quences. Each comparison, carried out by match/3, computes a similarity value 
V that is stored in a sorted tree T for later access. The tree is implemented as 
an incomplete data structure. 

:- parallel match_seqs/3. 
match_seqs([] .... ). 
match_seqs([AlX],B,T) :- 

match(A,B,V), 
put_in_tree(T,V), 
match_seqs(X,B,T). 

Assume that we invoke this program with a call containing an input list of 
four sequences. The programmer can then think of the recursive clause as being 
unfolded four times: 

match_seqs([A1,A2,h3,A4fX],B,T) : -  
match(A1, B, Vl) ,  pu t_ in_ t ree (T ,  Vl) ,  
match(A2, B, V2), pu t_ in_ t ree (T ,  V2), 
match(A3, B, V3), pu t_ in_ t ree (T ,  V3), 
match(A4, B, V4), put in t r e e (T ,  V4), 
match_seqs(X,B,T).  

Of course, this is not how Reform Prolog actually compiles the clause. However, 
the compiled code behaves as if  the recursion is completely unfolded. When 
computing the call, four parallel processes are simultaneously spawned (the two 
calls within each process are executed sequentially): 

match(A1, B, V1), putAn_tree(T, V1), 
match(A2, B, V2), putAn_tree(T, V2), 
match(A3, B, V3), putAn_tree(T, V3), 
match(A4, B, V4), putAn_tree(T, V4), 
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The four calls to put_in_tree/2 are sequenced by synchronization on the shared 
variable T. However, the processes descend through the tree in parallel, tempo- 
rally suspending when encountering not-yet-created subtrees. 

The parallel execution model of Reform Prolog restricts the nondeterministic 
behaviour of parallel programs so that the following properties hold [2, 3]: 

- Parallel programs obey the sequential semantics of Prolog. This implies that 
time-dependent operations (type tests, etc.) on shared, unbound variables 
are carried out only when leftmost is the sequential computation order. 

- Parallel programs do not conditionally bind shared variables. This is similar 
to binding determinism as defined by Naish [16] in that shared variables can 
only be bound when the process is deterministic. However, in contrast to 
Naish's binding determinism, nondeterministic bindings to local variables 
are allowed. 

In order to ensure these properties, the Reform Prolog compiler performs a 
global dataflow analysis and generates code that suspends processes and per- 
form atomic updates only when necessary [17]. In particular, the compiler can 
generate precisely the code for a sequential Prolog machine when data are local. 

3 C o m p i l e r  a n a l y s e s  

The compiler analyses in the Reform Prolog compiler are based on abstract 
interpretation [6]. The abstract interpreter for Reform Prolog shares most of the 
characteristics of an abstract interpreter for sequential Prolog. This is natural, 
since each parallel process executes almost as a sequential Prolog machine. 

We have modified Debray's dataftow algorithms [7, 8] for analysis of parallel 
recursive predicates. These algorithms compute call and success patterns for each 
procedure in the program. Call and success patterns describe the abstract values 
of the variables in a procedure call at procedure entry and exit, respectively. 

The compiler carries out four different analyses using the same basic algo- 
rithm. The abstract domains of these analyses are described below. 

3.1 Types  

The type domain is similar to that of Debray and Warren [9], extended to handle 
difference lists [17]. For our present concerns it suffices to note that the type 
analysis can discover ground and nonvariable terms. The analysis precision is 
similar to that of Aquarius Prolog [20]. 

3.2 Aliasing and linearity 

The analyzer derives possible and certain aliases by maintaining equivalence 
classes of possibly or certainly aliased variables. This is similar to the techniques 
used by Chang [4]. 
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A term is linear if no variable occurs more than once in it. To improve aliasing 
information, the analyzer tracks whether terms are linear [13]. Three classes of 
linearity are distinguished: l i n e a r ,  n o n l i n e a r ,  and indlist.  The latter denotes 
lists where elements do not share variables. The domain is thus: 

H n e a r  E_ i n d l i s t  _E n o n l i n e a r  

Consider a variable X that is 'split' into several subterms {Xi , . . . ,  Xn} by uni- 
fication X = [Xi , . . . ,  Xn] or some similar operation. Assuming that there are 
no other live aliases of X in the rest of the clause, the analyzer uses linearity 
information as follows in this situation: 

- If X is linear, then X i , . . .  ,Xn are also l inear and unaliased. 

- If X is indlist ,  then Xi , . . . ,  Xn are nonl inear  and unaliased. 

- If X is nonlinear ,  then Xi , . . .  ,Xn are nonl inear  and aliased. 

Our domain does not express covering properties, so the compiler cannot 
exploit linearity information when there are still aliases of X alive in the current 
clause. 

Linearity information is maintained for each equivalence class of aliases. 

3.3 D e t e r m i n i s m  

The analyzer determines where each process may create a choice point. The 
compiler needs this information since it must keep track of variables that may 
be bound within the scope of a choice point. The determinism domain is quite 
simple: 

d e t  _ n o n d e t  

As long as there is no possibility that a process may have created a choicepoint, 
it has status det.  When a choicepoint may have been created, the status is 
changed to nondet .  Cuts reset the determinism status to a value saved when 
the predicate is entered, similarly to what is done in the concrete implementation. 

To improve precision, the compiler uses abstract indexing to approximate the 
first-argument indexing that will occur at runtime. This technique selects the 
possible paths for the inferred types of the first argument, based on standard 
WAM indexing [21]. 

3.4 Local i ty  

The analyzer maintains a hierarchy of data locality information: 

- shared variables exposed to time-dependent operations by another process 
(clause indexing, arithmetic, type tests, etc.) are fragile and cannot be mod- 
ified out of the sequential order; 
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- shared variables not subjected to time-dependent operations are robust; 

- robust variables become w b f  (will-be-fragile) when subjected to time-dependent 
operations--to subsequent processes, w b f  variables will be seen as fragile; 

- unshared data are local. 

The locality domain is thus: 

local  C robust  C w b f  C fragile 

This locality domain can furthermore be used to detect non-strict indepen- 
dent and-parallelism [12]. As long as a process does not contain fragile data, it 
is independent of the results of other processes. Such independent programs can 
still construct shared data structures in parallel. 

4 C o m p i l e r  o p t i m i z a t i o n s  

The Reform Prolog compiler uses the information obtained by the analyzer for 
two purposes: verifying parailelizability and reducing parallelization overheads. 

Our experience is that the compiler is able to filter out almost all unintended 
violations of the parallelizability conditions. Moreover, the analyzer can often 
help the programmer to identify code sections that cause unintended process 
suspensions. 

Suspension and locking overheads can be reduced by optimizations that ex- 
ploit the results of the compiler analyses. 

4.1 Cost o f  process suspension 

Suspension overheads occur in two situations, based on the execution model: (a) 
to preserve the sequential semantics, fragile variables cannot be bound unless 
the process is leftmost and (b) to ensure binding determinism, shared variables 
must not be bound conditionally. 

The compiler can eliminate suspension instructions when data is local  or 
known to be instantiated, or the process is deterministic and data are non- 
fragile. 

4.2 Cost o f  locking unifications 

Locking overheads occur when trying to bind possibly shared variables. Write 
accesses to shared variables must be locked to avoid data races and premature 
access to shared structures. 

A locking write is required only when the heap cell being assigned is not 
local. In the WAM, writes (get/unify-instructions) are conditional depending 
on whether the accessed cell is bound or not. The compiler exploits type and 
locality information to strength-reduce locking instructions into non-locking ones 
where possible. 
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On the KSR-1, locking unification is done by simulating an atomic exchange 
operation. At present, this is done by locking the cache line of the variable to be 
bound, writing the variable and releasing the lock. A shared variable binding is 
then done as follows. 

swap x = Atomic Exchange(x,y) ; 
i f  (swap x != x) 

i f  ( !unify(swap_x,y))  
Global_Fai lure  () ; 

) 

Structures that may be bound to shared variables are constructed privately, 
and then atomically bound to the variable as described above. 

If both suspension and locking overheads can be optimized away, then pro- 
cedures called from a parallel predicate execute standard WAM code at full 
sequential speed. 

5 E x p e r i m e n t a l  s e t u p  

We have evaluated the system using three small (0.5 KB and 20-50 lines of 
code) and three medium-sized (3-12 KB and 100-425 lines of code) benchmark 
programs. The small benchmarks are: 

map  A function is mapped over a list of 5000 elements, producing a 
new list. The function simply decrements a counter 1000 times. 

nrev A list of 1300 elements is reversed using the 'naive reverse' 
program. 

t ree  50,000 elements are inserted into a sorted, incomplete, binary tree. 

The medium-sized benchmarks are: 

tsp The travelling salesman problem of 48 cities is solved by an ap- 
proximation algorithm that visits the nodes of the minimal span- 
ning tree. 

ga A population of 48 individuals is evolved for 5 generations using 
a genetic algorithm. The application is the travelling salesman 
problem with 120 cities. 

sm A string is compared to 96 other strings using the Smith- 
Waterman string matching algorithm (a standard dynamic pro- 
gramming algorithm often used for comparing, e.g., DNA se- 
quences). Each string contains 32 characters. Each comparison 
results in a similarity value, which is stored in a sorted, incom- 
plete, binary tree. 
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The source code of the benchmark programs is available by ftp from ftp.csd.uu.se 
in the directory pub/reform/benchmarks. 

The runtime statistics of the compiler were obtained on a Sun 630/MP with 
4 40-MHz Sparc-2 processors and 64 MB of memory during a normal workday. 
The compiler was run in native code compiled SICStus Prolog version 2.1.6. 

The performance measurements of the compiled parallel programs were ob- 
tained on a Kendell Square Research KSR-1 with 64 processors, each with 32 
MB of memory. However, we were not able to allocate more than 48 processors 
due to external constraints. 

6 C o m p i l e r  p e r f o r m a n c e  

The time required for analysis and total compilation time were (ms): 

map 
nrev 
tree 
tsp 
ga 
S W  

Analysis Total Ratio 
260 620 0.37 
480 840 0.57 
850 1360  0.62 
6149 8519 0.72 
7670 13870 0.55 
3850 5390 0.71 

Thus, the analysis requires around 60-70% of the total compilation time; we 
consider this a reasonable overhead. Furthermore, the absolute compilation times 
(0.6 to 14 seconds) are quite reasonable, in particular when considering that the 
SUN 630/MP is not a particulary fast machine by today's standards. Aquarius 
Prolog seems to have similar absolute analysis times on similar hardware [11]. 

7 A n a l y s i s  r e s u l t s  

We measured analysis results for arguments in procedures called from parallel 
predicates. 

The following table shows the percentages of ground arguments and the lo- 
cality information of non-ground arguments. The 'total' percentage is weighted 
with respect to the total number of predicate arguments in all benchmarks. 

map 
nrev 
tree 
tsp 
ga 
sm 

total 

ground 
60 
25 

38 
35 
34 
35 

local robust wbf fragile 
4 0  - - 

- 12 12 51 
60 - 40 
52 10 
59 2 4 
60 - 6 
55 4 1 5 
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All benchmark programs are deterministic in the sense that they do not leave 
choicepoints when finished. Shallow backtracking does occur. The analyzer was 
able to verify these facts. 

From these results we can see that: 

- 90% of the arguments do not refer to data that require locking (i.e. the data 
are ground or local); 

- 95% of the arguments do not refer to data that require suspension (i.e. the 
data are not fragile). 

The 90% of arguments that do not require locking translates to a reduction 
to 52% of the original number of executed locking instructions. 

8 P e r f o r m a n c e  o f  c o m p i l e d  p r o g r a m s  

We measured execution times of sequential code and parallel code using up to 
48 processors. The results (in seconds walltime) are: 

map 
nrev 
tree 
tsp 
ga 
s i n  

seq 1 2 6 12 24 48 
81.6 81.8 40.9 13.8 6.98 3.60 1.86 
18.7 22.6 12.5 4.11 2.20 1.13 0.82 
44.9 50.1 25.7 9.42 6.10 5.20 10.1 
104 107 54.8 17.8 9.06 4.74 2.64 

77.0 82.0 40.9 13.9 7.68 4.24 3.40 
73.1 75.5 37.8 12.6 6.30 3.46 1.76 

The speedups w.r.t, parallel code on one processor are: 

map 
nrev 
tree 
tsp 
ga 
s i n  

1 2 6 12 24 48 
1 2.00 5.95 11.7 22.7 44.0 
1 1.81 5.52 10.5 19.9 27.6 
1 1.95 5.31 8.20 9.63 4.97 
1 1.95 6.00 11.8 22.6 40.5 
1 2.00 5.90 10.7 19.3 24.1 
1 2.00 6.00 12.0 21.8 42.9 

The speedups w.r.t, sequential code are: 

map 
nrev 
tree 
tsp 
ga 
s i n  

1 2 6 12 24 48 
1.00 1.99 5.93 11.7 22.7 43.9 
0.83 1.50 4.55 8.66 16.6 22.8 
0.90 1.75 4.77 7.37 8.60 4.50 
0.98 1.91 5.87 11.6 22.1 39.6 
0.94 1.88 5.53 10.0 18.2 22.6 
0.97 1.93 5.81 11.6 21.1 41.5 
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We see that the parallelization overhead is very low: 0-17%, with the larger 
benchmarks in the range of 2-6%. 

The absolute speedup is very good on three benchmarks (map,tsp,sm), or- 
dinary on two programs (nrev,ga) and bad on one program (tree). The three 
programs with ordinary or bad speedup all suffer from lack of exploitable par- 
allelism: the nrev and tree programs are sequentialized by fragile variables, and 
the ga program invokes a sequential sort routine after the parallel computation 
(this limits the speedup according to Amdahl's law). 

The key characteristics of the programs are: 

map 
nrev 
tree 
tsp 
ga 
s i n  

no suspension and no communication 
heavy suspension and communication 
almost only suspension and communication 
some communication and little suspension 
sequential sort after parallel computation 
some suspension and little communication 

9 E f f e c t i v e n e s s  o f  o p t i m i z a t i o n s  

To measure the effectiveness of optimizations (elimination of suspension and 
locking instructions) we compiled the benchmark programs without exploiting 
global analysis. 

9.1 E l iminat ion  of  suspens ion  ins truct ions  

To evaluate the effectiveness of removing suspension instructions, we rewrote 
the benchmarks to suspend whenever unbound heap cells were read by time- 
dependent operations, or written. Since there is no knowledge on what data is 
shared or fragile, this is required to retain sequential semantics. 

The execution times without analysis were the following. We were unable to 
allocate 48 processors for this experiment and so show execution times for up to 
24 processors. 

Program 
map 
n r  

tree 
tsp 
ga 
s m  

1 2 6 12 24 
90.9 45.3 15.4 7.90 4.10 
30.5 34.4 37.0 42.3 51.3 
49.3 30.0 9.90 5.80 5.80 

123.4 126 136 148 197 
74.5 37.7 1 4 . 1  7.70 6.10 
86.9 87.8 93.0 103 131 

On 24 processors, there is comparable efficiency in the map, tree and ga 
benchmarks. For the map benchmark, the parallel computation consists of in- 
dependent and trivial work that does not allocate heap data. The tree program 
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can only write data when leftmost and so is essentially the same with or without 
analysis. The ga program performs all computations using scalar or ground data; 
all unbound variables are found on the stack. Since data on the stack cannot be 
shared, the engine can determine the outcome of suspension instructions even 
without analysis. The presence of extra suspension operations still has a cost: 
on 24 processors, the analyzed version of ga is 44% faster than the unanalyzed 
one. 

Nrev, tsp and sm show net slowdowns when parallelized without global anal- 
ysis. Tsp and sm perform considerable local work, which the no-analysis version 
delays until leftmost almost immediately and so sequentializes the program. For 
nrev without analysis, only the leftmost worker of nrev can write data at any 
time. With analysis, a 'pipeline' of processes appears and allows quicker com- 
pletion. 

Our conclusion is that there are substantial benefits to detecting computa- 
tions local to a process (e.g., tsp, sm), and that more complex communication 
patterns (e.g., the nrev 'pipeline' effect) can be exploited transparently by the 
compiler. 

9.2 EHminat ion o f  locking ins truct ions  

The elimination of locking instructions is ineffective: there is no measurable 
difference in execution times when the number of locking unifications are reduced 
to 52% of the original number. Two factors contribute to this phenomenon: 

First, locking instructions are infrequent even in unoptimized code. Locking 
is spatially infrequent, since assignments to heap variables is a small fraction of 
the total amount of data written in Prolog implementations [19, 10]. Locking is 
temporally infrequent, since our Prolog implementation is based on byte-code 
emulation of WAM [21] instructions. In unoptimized code, 2100-3700 machine 
instructions were executed for each locking operation on the three larger bench- 
marks. 

Second, single locking instructions are, on average, fast due to cache organi- 
zation: cache lines owned by a single processor do not need global invalidations. 
Shared cache lines are infrequently invalidated by our programs since shared vari- 
ables are written at most once (bindings of shared variables cannot be undone 
by backtracking). This means that a shared cache line is invalidated at most k 
times, where k is the number of variables per line (k = 4 in our implementation 
on the KSR-1). 

10 C o n c l u s i o n  

We have described compiler analyses that allow us to: 

- verify that 95% of the predicate arguments do not refer to data that require 
suspension instructions; 



563 

- verify that 90% of the predicate arguments do not refer to data that require 
locking instructions. 

The elimination of suspension instructions is very effective, since it makes 
otherwise quite sequential programs highly parallel. However, the elimination 
of locking instructions is ineffective, in that there is no measurable difference 
in execution times when locking instructions are removed. The most important 
contributing factor to this effect is that the single-assigment, non-backtrackable 
shared variables of Reform Prolog result in few invalidations of shared cache 
lines. 

This cache behaviour is notable, since an increasingly important problem in 
parallel processing is to hide the latencies of physically distributed and compar- 
atively slow memories. It is reasonable to expect that most future single adress- 
space architectures will have distributed memories and to expect a continuing 
increase in processor to memory speed ratio [18]. 

The performance measurements on the KSR-1 can be summarized as follows. 

- Low parallelization overhead (0-17%, with the larger benchmarks in the 
range of 2-6%). 

- Good absolute parallel efficiency on 48 processors (82-91%) provided that 
there is enough parallelism in the program. 

Our data indicate that each process executes in a mostly sequential fashion: 
suspension and locking is rare. Hence, sequential compiler technology should 
be largely applicable to our system. We intend to employ such techniques to 
improve absolute execution speeds further. Future work also includes a detailed 
quantitative characterization of the memory system behaviour of Reform Prolog 
programs on different architectures. 
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