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Abstract 

Multithreading as attractive in a large-scale paral- 
lel system since it allows split-phase memory opera- 
tions and fast context switching between computations 
without blocking the processor. Performance of mul- 
tithreaded archifectures depends significantly on the 
quality of multithreaded codes. In this paper, we de- 
scribe the enhanced thread formation scheme to pro- 
duce efficient sequential threads from programs writ- 
ten, in a len.zent parallel language Id-[I]. This scheme 
features graph partitaoning based 011 only long latency 
instructions, combination. of multiple switches and 
merges introducing a generalized switch and merge, 
thread merging, and redundant arc eliminataon us- 
ing thread precedence relation. The simulataon results 
show that our scheme reduces control and branch in- 
structions effectively. 

1 Introduction 

Parallel architectures with a number of off-the-shelf 
microprocessors should address performance degra- 
dation due to increased latency and synchronization 
overheads[2]. Currently, most architecture design- 
ers are trying to conquer these problems by aids of 
cacheing and multithreading. Multithreading is at- 
tractive in a large-scale parallel system since it al- 
lows split-phase memory operations and fast context, 
switching between computations without blocking the 
processor. A thread is usually defined by a sequence 
of instructions. Its execution may be paused or inter- 
rupted as [3,4], may be nonpreemptive[l,5,6,7,8], or 
may be executed by interleaving among t,hreads[g,lO], 
according to execuGon model. 

A lenient, parallel language Id[ll] supports non- 
strict control constructs or data structures for syn- 
chronization, thus allowing massively fine grain paral- 
lelism. There are several approaches to generate mul- 
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tithreaded codes from Id programs[1,4,5,6,7,12,13]. It 
is an important issue how to partit$ion the dataflow 
program graph, which is an intermediate form of Id 
programs, to satisfy the following criteria: ma.ximiza- 
tion of parallelism and run-length, and minimization 
of synchronization costs. 

Nikhil[l4] doesn’t aggregate nodes in dataflow 
graphs. Each node in the graphs means a thread. He 
tries to aggregate nodes by optimization, but his ag- 
gregation rule is not clear. Iannucci[4] get,s partitions 
by aggregating nodes with the same set of input de- 
pendences, dealing with long latency instructions as 
split-phase transactions. But he is not concerned with 
thread merging. Schauser[7] partitions the graphs us- 
ing dependence set. and dominance set,. Also, he tries 
to lengthen the size of thread through thread merg- 
ing. In his algorithm, however, switches and merges 
give a separation constraint on partitioning, thus re- 
sulting in a large number of small threads. In his 
advanced work[l3], thread length can be enhanced by 
global analysis. However, the partitioning constraint 
given to switches and merges still remains, and it, is 
not reported that the global analysis scheme was im- 
plemented. Hoch’s algorithm[6] is similar to that. of 
Schauser. He tries to combine then- and else- arm of 
conditionals using control vector. But, it may cause ad- 
ditional branch instructions, which increase with the 
nested level of conditionals. 

In this paper, we describe the thread formation 
scheme implemented on the multithreaded architec- 
ture DAVRID[15]. We first define the DAVRID gra.ph 
as an intermediate form, and partition the graph using 
dependence set[4] with giving no constraint t,o switch 
and merge. Then, we merge the related threads us- 
ing thread precedence relation, causing no additional 
branch instructions. Thus, in terms of conditional ex- 
ecution, our scheme may be considered as an inter- 
mediate approach between Schauser’s and Hoch’s. In 
addition, we combine multiple swit,ches and merges by 
the generalized switch a.nd merge newly introduced, 
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and eliminate redundant arcs using thread precedence 
relation. 

In section 2, we describe an execution model of 
programs on DAVRID. In section 3, we describe the 
DAVRID graph where our works begin with. In sec- 
tion 4, we describe the process of forming multi- 
threaded codes from the DAVRID graph in detail. In 
section 5, we analyze thread codes through simula- 
tion results over several benchmarks and compare our 
scheme with Schauser’s. Finally, in section 6 we re- 
mark conclusions and future works. 

2 Execution Model 

Our program execution model is based on the hy- 
brid of dataflow model and von Neumann model, 
called multithreaded execution model. Over thread 
level, we exploit natural synchronization and mas- 
sive parallelism by adopting dataflow computing rule. 
Within a thread, we exploit locality of computations 
by the use of registers and caches by adopting von 
Neumann computing rule. A program consists of sev- 
eral code blocks, where a code block denotes a con- 
text and usually corresponds to a function or a loop. 
A code block consists of multiple interrelated threads. 
Each thread is defined by a sequence of instructions 
totally ordered. Also, it doesn’t wait for any response 
for remote requests. So, senders and receivers of re- 
mote requests are placed in separate threads. 

Figure 1: DAVRID Abstract Machine 

The abstract machine of DAVRID is shown in Fig- 
ure 1. We describe how threads are executed on 
DAVRID below. The machine consists of three pro- 
cessing units: thread processing unit, thread synchro- 
nization unit, and message handling unit. Each unit 
has its own local memory and may work indepen- 
dently. Note that Figure 1 is an abstract view of the 
real DAVRID machine[ 151. 

The thread processing unit, gets a continuation de- 
noting information about a t,hread from the activated 
thread queue, and executes the thread sequentially. 
Remote requests are sent to the message handling 
unit through the remote request queue or the lo- 
cal request queue, depending on the destination ad- 
dress of the requests. Messages contain a continua- 
tion as well as values. A continuation is represented 
by ( frame pointer,instruction pointer ) : a frame 
pointer is the base address of the frame containing 
data to be referred in frame memory, and an instruc- 
tion pointer is the starting address of the thread in 
program memory. Note that frames are allocated for 
function calls. Thread execution is nonpreemptive. 
As soon as a thread terminates, the thread process- 
ing unit gets a continuation from the activated thread 
queue, The thread synchronization unit performs syn- 
chronizations among threads. It gets a message from 
the response queue, decrements the synchronization 
count of the thread indicated by the message, a.nd 
stores a value in the frame slot specified by the mes- 
sage if exists, and activates the thread if the synchro- 
nization count comes to zero. The continuation of the 
activated thread is put on the activated thread queue. 
Note that the synchronization count of a thread is ini- 
tialized by the number of data or signals needed for 
the activation of the thread. The message handling 
unit functions as a message router. Also, it manages 
the global structured memory and load balancing. 

3 DAVRID Graph 

The entire compilation process for DAVRID is 
described in [l]. The compiler uses the program 
graph[l6] as an intermediate form between the front 
end and back end. Program graphs are transformed 
into machine graphs for DAVRID. The machine graph, 
called as the DAVRID graph afterwards, has well- 
defined operational semantics and can be executed 
directly. Our partitioning scheme begins with this 
DAVRID graph. Note that the DAVRID graph has 
the same level of abstraction as dual graph[7], P-RISC 
graph[5], or HDG[G]. 

The meaning of the DAVRID graphs is only given 
by the dataflow firing rule. In multithreaded execu- 
tion model, control flow is explicit and data flow is 
implied by registers or frame slots. To overcome this 
gap, Schauser[7] introduces dual graph in which con- 
trol and data flows are both explicit. In contrast, 
we view that the directed arcs between nodes in the 
DAVRID graphs implie control flow as well as data 
flow, i.e. an arrival of values on arcs means that a 
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control also arrived. In our execution model. siuce 
an event may cause a synchronization count to be de- 
creased and a value to be stored in the specified frame 
slot, data and control flow are combined as well in 
terms of operational semantics. Note that arcs in the 
DAVRID graphs have the same semantics as those of 
HDG[G] where arcs denote data or control dependen- 
cies between nodes. 

Figure 2: A DAVRID Graph for Fibonacci Program 

Figure 2 shows the DAVRID graph for the follow- 
ing fibonacci program written in Id-[1], which is a 
functional core of Id. 

fib = {fun n = (if (n 5 1) then 1 
else fib (n-l) + fib (n-2))}; 

Entry nodes are usually used for interface between 
callers and callees. In Figure 2, El receives an argu- 
ment from a caller. Ea and Es receive a value from 
a callee, respectively. Entry nodes are semantically 
similar to inlets in [5,7], but different in terms of op- 
erations: That is, while inlets receive a message and 
process it directly, entry nodes get. only the effect. af- 
ter messages are processed. Note t,hat. messages are 
processed by the thread synchronizat,ion unit as men- 
tioned in section 2. 
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FALLOC au d FDEALLOC are the DAVRID ma- 
chine instruct,ions denoting request#s for allocation and 
deallocation of frames, respectively. If values arriv- 
ing at. El are greater than 1, the graph allocates t.wo 
frames by FALLOCs. An arrival of values on the out- 
put arc of the FALLOC node means t.he following: 1) 
the address of the requested frame is available. 2) a 
synchronization event required to send an argument to 
a callee occurred. So, the output arc conveys a control 
as well as a value. 

4 Proposed Partitioning Scheme 

Several issues must be taken into consideration on 
graph partitioning: 1) maximization of exploitable 
parallelism, 2) maximization of run length, 3) min- 
imization of explicit synchronization, 4) deadlock 
avoidance, and 5) maximization of machine utiliza- 
tion[4]. In our partitioning scheme, the DAVRID 
graphs are first partit,ioned based on only long la- 
tency instructions, thus preserving all exploitable par- 
allelism. Long latency instructions such as fet,ch-like 
instructions iu [4] may cause unpredictable delay due 
to network routing or deferred reads on I-st,ructure 
memory. This partitioning method is proved to be safe 
in [4]. Partitions are merged into larger ones on t,he 
basis of thread precedence, to sat,isfy the second and 
third conditions. Also, we decrease the number of ex- 
plicit synchronization events by removing redundant, 
arcs based on thread precedence relat,ion, to satisfy 
the third condition. In addition, we combine multiple 
switches and merges by introducing a new genera.lized 
switch and merge, and perform thread refinement, to 
support non-strictness of Id-. 

4.1 Basic Partitioning 

The DAVRID graphs consist, of nodes and arcs 
where a node represents an instruction and an arc 
represents data and control flow. Arcs in the graphs 
may be local or remote. Remote arcs are originated 
from long latency instructions while local arcs are not. 
Long latency instructions are the instructions whose 
execution time is long and uupredicatable. 

We partition the DAVRID graphs by cutting re- 
mote arcs logically, thus making it possible to deal 
with long latency instructions as split transactions. 
This is performed by using dependence set developed 
by Iannucci[4]. In [7], graphs are part,itioned using 
dependence set aud dominance set, where depeudeuce 
set. is a variant of Iannucci’s dependence set since la- 
bels and merges are dealt with as entry inst,ructious 85 
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starting a new partition. Note that a label is placed 
on each output of a switch, indicating a separation 
constraint. So, the predicate and each arm of a con- 
ditional are placed in separate threads, respectively. 

4s x 

iF 

Figure 3: Exa.mple of Basic Partitioning 

In contrast, our partitioning scheme doesn’t have 
any restriction except for long latency instruct.ions. 
So, any conditional with no long latency instruction 
can be transformed into a single thread. Thus, our 
scheme provides the a,bility to form t,hreads across 
basic blocks of conventional branches. For example, 
we consider the DAVRID graph in Figure 3, having 
no remote instruction. Since all entry points of the 
graph, nl, n2, and n.4 use the value of a, all nodes 
in the graph have the same input dependence set. 
While the graph is not partitioned under our scheme, 
it is partitioned into eight groups under Schauser’s: 
{~1,~2,~3rn4,%,n6}, (727)~ {n8}, {%}I (f110)~ {nil}, 

{n12}, {nls}, where each set denotes a partition. 

4.2 Combination of Switch and Merge 

There may exist. multiple switches or multiple 
merges determined by the same predicate in a thread. 
For example, three switches and two merges in Fig- 
ure 3 are placed in the same partition for our scheme. 
These are redundant because they are determined by 
the same predicate. Redundant, switches and merges 
can be eliminated with no loss of informa.tion. 

Schauser[7] suggests the combination method of 
switches and merges by the graph transformation, 

causing additional signal trees. Also, his scheme has 
not been reported to be implemented. We will com- 
bine multiple switches and merges without any diffi- 
culty by introducing a generalized switch and merge. 

A generalized switch is defined by a switch that can 
have multiple inputs(except for a control input.) and 
multiple outputs for each arm, being different from 
a conventional switch having one input and t.wo out.- 
puts. As shown in (a) of Figure 4, t,he i-t,11 input of the 
generalized switch corresponds t,o the i-t811 out,put. for 
theft-arm and else-arm, respectively. The semant.ics of 
the generalized swit.ch is that, the i-th input. va.lue is 
conveyed to t.he i-th output of then-arm or else-arm 
depending on the value of the control input. So, t.he 
i-th input. and the i-th output for each a.rm a.re int.er- 
preted as a conventional switch. Thus, a. generalized 
switch with n inputs and 211 outputs has an effect, of 
combining n conventional switches. 

Similarly, a generalized merge is defined by a merge 
that, can have mult,iple input,s a.nd mult,iple output,s. 
The i-th output, of generalized merge corresponds t,o 
the i-th input. for then-arm and else-arm, respect,ively 
as shown in (b). The semantics of the generalized 
merge is that the t-th output value is conveyed from 
the i-th output. of then-arm or else-arm. So, the i-th 
two inputs and the i-th output a.re interpreted as a 
conventional merge. Thus, a generalized merge wit.11 
1) out,puts and 211 inputs has an effect, of combining ?t 
convent,ional merges. 

GSW ik ._ 

Figure 4: Generalized Switch and Generalized Merge 

Figure 5 shows how three switches and two merges 
in the graph of Figure 3 are combined using gener- 
alized switches and merges. We see t.hat one input 
and two outputs for i-th (1 5 i 5 3) switch in Fig- 
ure 3 correspond to the i-th input, the Cth output(for 
then-arm), and the (i + 3)-t#h output(for else-arm) of 
GSW, respectively. Also, we see that two inputs and 
one output for i-th( 1 ii 5 2) merge correspond to the 
i-th input(for then-arm), the (i + 2)-th input(for else- 
arm), and the i-th output of GM, respect.ively. We 
ca.n derive easily that t.he two gra.phs have t.he sa.mc 
meaning. 
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Figure 5: Combination of Switches and Merges 

4.3 Thread Refinement 

Non-strictness of Id- may make it, impossible to 
determine the execution order of a function statically 
since results of the functions may be fed back in as its 
arguments. This order may depend on the dynamic 
context in which the function appears. We consider an 
example for non-strict conditionals presented in [12] as 
following. 

conditional-example = { fun x = 
{ a = if ;c > 0 then bb else 3; 

b = if 2’ < 0 then aa else 4; 
aa = a + 5; 
bb = b + 6; 
c=a+b; 

in c}}; 

We can see that the cycles arise in the correspond- 
ing graph, i.e. for negative value of 2, a and au must 
be evaluated before b and bb, while for positive values 
of z the reverse is true. Since execution order of nn 
and bb depends on the value of z, it can not be de- 
termined statically. Thus, codes that compute aa and 
bb must be placed in separate threads. However, our 
partitioning scheme will form the graph for the above 
conditional-example into a single thread, since there 
is no long latency instruction in the graph. Obviously, 
it is not correct. We can solve this problem by refining 
the graph, i.e. by cutting each arm of switches in the 

graph. Our compiler can recognize easily the graphs 
with non-strict conditionals by examining cyclic edges. 

We observed that most application programs don’t 
include non-strict conditionals. So, we believe t,hat 
our approach to thread formation is practical. 

4.4 Thread Merging 

The second goal of our partitioning scheme is to 
maximize run length. We will get this goal by merging 
statically a collection of related threads into one. Our 
thread merging is based on thread precedence relation. 
We first, construct thread precedence graph(TPG) 
where each node and arc denot(e a thread and prece- 
dence relation between t#hrea.ds, respectively. Then, 
we merge threads by examining precedence between 
threads from TPG. We define thread precedence re- 
lation using input dependence set(IDS) below. Note 
that all instructions within a thread have the same 
IDS. 

Definition 1 Gaven two th.reads Tl and T2, TI pre- 
cedes T2 only if IDS(T1) c IDS(T2), meaning that T? 
can start to execute after Tl terminates. 

Definition 2 Given two threads Tl and T& Tl da- 
rectly precedes T2 only if Tl precedes Tz and there are 
arcs from Tl to T2. 

Definition 3 Given two threads Tl and Tz, Tl in.di- 
rectly precedes Tz only if Tl precedes Tz and there is 
no arc from Tl to Tz. 

Definition 4 Given two threads Tl an.d T2, an arc 
between. Tl and T2 is remote only if at least one long 
latency instruction of Tl is connected with an instruc- 
tion of T?; otherwise, the arc is local. 

Definition 5 Gzven a thread T, th,reads directly pre- 
ceding Tare fathers of T, and threads preceded directly 
by T are children of T. 

Definition 6 Given a thread T, threads preceding T 
are ancestors of T, and threads preceded by T are de- 
scendants of T. 

Definition 7 A thread T is szmple only if it consists 
of only instructions that don’t cause any effect exter- 
nal to T. That is, sample threads don’t store any value 
on I-structure as well as don’t make an.y request ,whose 
execution may cause long latency or ,unpredicatable de- 
lay. Note that the entry instruction is dealt with as a 
simple thread. 
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In addition, we give another constraint on thread 
merging: candidate threads to be merged must be sim- 
ple. If non simple thread T is merged, execution of 
some descendants of T may be delayed since they may 
wait for another events that are unnecessary for them 
to be activated. Also, thread merging may not be safe 
due to non-strictness. 

Thread Merging Rule: Given two collection X  
and A  of threads satisfying the following four condi- 
tions: i) all threads in A  are simple. ii) each thread 
in X  is directly preceded by all threads in A. That is, 
all elements in A  are fathers of all elements in X. 
iii) all children of each thread in A  are included in X. 
iv) there exists inclusion relation between IDS(T,) and 
IDS(T,) for each T,, T, E  X. 

Then we can select a thread T with the least IDS 
in X  such that IDS(T) = f&xZDS(x), and we can 
merge T and all threads in A. 

Figure 6: Examples of Our Merging Scheme 

Figure 6 shows how threads are merged by our 
merging rule. We assume Tl, Tz, and T3 are sim- 
ple. In a), A = {Tl,Tz,Ta} and X = {TJ}. Since the 
graph in a) satisfies all preconditions, we can merge 
2’1, T2, T3, and T4. It causes a loss of parallelism, but 
is effective in that Tl , T2, and T3 are all simple. We 
use ‘effectiveness’, considering trade-offs between par- 
allelism and synchronization overheads. Each Ti (15 i 
53) has a little complexity in computation and doesn’t 
affect external codes outside its own thread since it is 
simple. We also note that in multithreaded execution, 
synchronization overheads among threads are much 
larger than computation complexity of simple threads. 
So, merging of Tl, T2, T3 is rather advantageous than 
preserving parallelism, which removes synchronization 
overheads among three threads. In b), A = {Tz,Ts} 
and X = {Ta,Ts}. Since IDS(Ts) C IDS(T4), we can 
merge T2, T3, and T5. Note that in this case, any 
thread may not be merged under Schauser’s merg- 
ing rules[7,13]. In c), t,here is no inclusion between 
IDS(T4) and IDS(Ts). So, we can’t merge Tl, Tz with 
T4 or T5 with no loss of parallelism. Note that, T5 must 

wait for T3 to be activated unnecessarily if Tl , T2, and 
T4 are merged. 

We discuss static and dynamic cycles[4] on the 
graph. A  static cycle is defined by a directed cycle of 
threads for which no schedule of the threads can ter- 
minate. For example, when two threads, T,, Tj form a 
static cycle, T; and Tj require the output of an inter- 
mediate instruction of the other thread, which will be 
executed before the corresponding thread terminates, 
respectively. When execution of threads are nonpre- 
emptive, T; and T, can never be activated, resulting 
in deadlock. A dynamic cycle is caused by operations 
on I-structure, which introduce the notion of dynamic 
arcs between producers and consumers. A  dynamic 
cycle is defined by a directed cycle of threads, aug- 
mented with the input-specific dynamic arc, for which 
no schedule of threads can lead to terminate. DY- 
namic cycles can be avoided by placing the consumers 
and the producers whose execution orders are input- 
dependent in separate threads. Note that graph par- 
titioning based on dependence set doesn’t cause any 
static and dynamic cycle[4]. 

Theorem 1 Our thread merging rule is safe. 

Proof: We will prove theorem 1 by showing that 
our thread merging rule doesn’t create any static or 
dynamic cycle on the graph. Since our graph parti- 
tioning is based on dependence set, there doesn’t exist 
any static and dynamic cycle on TPG from [4]. So, we 
will only show that no static and dynamic cycle can 
occur by applying our merging rule. 

Let A and X be two sets satisfying all preconditions 
of the merging rule, and let T be an element of X 
selected by the rule, i.e. IDS(T) = nzExzDS(~). 
For each element T, in A, T, is simple by the first 
condition. So, all arcs from T, to T are not remote. 
Thus, there is no relation of producer and consumer 
by I-structure between T, and T. So, any dynamic arc 
from T, to T is not created. Therefore, any dynamic 
cycle can not occur by merging T, and T. 

Now, we will show that no static cycle can occur. 
Let G  be a collection of all elements in A and T. 
We define IDS(G) to be U,eGIDS(g). Then, IDS(G) 
= IDS(T) since all elements in A precede T. For 
any ancestor T, of each element T, in A, IDS(T,) c 
IDS(Ti). Since IDS(Ti) C IDS(G), IDS(T,) C IDS(G) 
by transitivity. Therefore, all ancestors of A precede 
G (i). Also, for any descendant of Tp of T, IDS(T) c 
IDS(Tp)). Since IDS(G) = IDS(T), IDS(G) c IDS(Tp). 
Therefore, G  precedes all descendants of T (ii). Fi- 
nally, when 1x1 > 1, for any element T, in X(T, # T), 

Proceedings of the 28th Annual Hawaii International Conference on System Sciences - 1995 

Proceedings of the 28th Hawaii International Conference on System Sciences (HICSS'95) 
1060-3425/95 $10.00 © 1995 IEEE 



Proceedings of the 28th Annual Hawaii International Conference on System Sciences - 1995 

since IDS(T) = nZE~ IDS(z), IDS(T) c IDS(T,). 
So, IDS(G) C IDS(T,) since IDS(T) = IDS(G). There- 
fore, G precedes T7 (iii). By i)? ii), a.nd iii) the merging 
rule doesn’t create any cycle on TPG (End). 

Hoch[G] tries to combine then- and else- arm of con- 
ditionals using control vector. We consider the graph 
in Figure 7. The graph is basically partitioned into at 
least four groups: Tl = {nl}, T2 = {nz}, T3 = {ns}, 
r, = {n4), 7-5 = { ns,ns}. These all groups are merged 
into one in his merging scheme. But. the result needs 
two additional branch instructions, which is due to 
merging Tl , T2, and T3. Note that Tl , Tz, and T3 may 
be also merged under our merging algorithm. How- 
ever, they can be refined to avoid additional branch in- 
structions, considering trade-offs between parallelism 
and synchronization overheads. In that case, Tl, T2, 
and Ts become a separate thread, respectively. Note 
also that these additional branch instructions increase 
with the level of nested conditionals. 

+ - + nl n2 n3 

w rq 

n5 
@ z 

fl n6 SEM) 

Figure 7: Example of Hoch’s Merging Scheme 

4.5 Synchronization Count of Threads 

The number of events required for activation of 
threads is called synchronization count. The synchro- 
nization counts of threa.ds, which is computed by the 
number of input arcs of threads on the graphs, may be 
overestimated by redundant events. So, synchroniza- 
tion overheads must be reduced by eliminating redun- 
dant arcs in the graphs. Redundant arc elimination in 
[7] is quite primitive. Moreover, it may be expensive 
and is limited since it is required to search graphs to 
identify candidates for elimination. We will eliminate 
redundant arcs based on thread precedence relation 
with no difficulty. Note that any remote arc is not 

considered as a redundant arc since it denotes an un- 
predicatable synchronization event,. 

Our algorithm of comput8ing the synchronization 
count of a thread T is as follows. 

Let S be a set consisting of synchronization events 
Initialize S by an empt,y set 
FOR (each input arc a of T) 

Let the father of T wired by a be f 
IF (a is remote) 

insert finto S 
ELSE IF (there exist S(E S) s.t. s precedes j) 

replace s by f 
ELSE 

insert finto S 
END FOR 
Set the synchronization count of T by the size of S 

After initializing a set’ S, t.he algorithm examines 
each input arc a of T on TPG. If the a is remot,e, 
insert. f into S, otherwise, examine if f precedes any 
element, in S. If f is preceded by some element, s in 
S, replace s by f; otherwise, insert f into S only if it 
doesn’t precede any element, in S. That is, for each 
father 2, of T, there is no tp in S such that the arc 
between 1, and tp is local, and IDS(to) c IDS(1,). 
The size of S is computed as the synchronization count 
ofT. 

Note that all fathers of T which are locally wired to 
T and precede some elements in S are not considered 
on computing the synchronization count of T. That. is, 
control flows from a father fof T which is not, included 
in S are subsumed by control flows of an element, in S 
which is preceded by 5 So, Cont,rol flows from f to T 
are redundant. Thus, they can be removed correctly. 
Also, there may be multiple control flows bet,ween S(E 
S) and T on the DAVRID graph. If there is at least 
one remote arc among them, all local arcs among them 
are removed; otherwise, only one local arc is select,ed. 
In this way, all redundant control flows to T can be 
removed. Therefore, the synchronization count of T 
computed by our algorit,hm is minimal. 

In Figure 8, where a dott.ed a.rrow denotes an indi- 
rect. precedence and all input. arcs to T are loca.1, we 
explain how redundant arcs t.o T4 are eliminat,ed. Fa- 
t,hers of T4 are Tl , Tz, T3. We see t.hat Tl indirectly 
precedes TX, which directly precedes Ts. So, control 
flows from Tl and T2 to T4 are subsumed by control 
flows from T3. Thus, we don’t, consider Tl and T2 
on computing t#he synchroniza.tion count8 of T4. Also, 
we select, only one control flow from Tz. Therefore 
the synchronization count, of T4 is computed by one. 89 
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Figure 8: Example of Redundant Arc Elimination 

However, it has the value of five if the redundant arc 
elimination is not performed. 

5 Analysis 

This section describes an analysis on the quality of 
the DAVRID codes produced by our compiler through 
simulation results over several benchmarks. Note that 
the thread codes used in this analysis are written in 
the DAVRID parallel machine language[l5]. Three 
benchmark programs are used: integer sum, lookup, 
wavefront. Integer sum computes the sum of all inte- 
gers between 1 and 65,535 using the method of par- 
allel summation. Lookup performs binary searching 
for 10,000 elements. Wavefront computes a sequence 
of matrices where each element of the new matrix is 
computed by the sum of its neighbors to the left and 
the upper in the old matrix. The size of the matrix is 
100x 100. 

We focus on the comparison between two thread 
formation schemes: our scheme and Schauser’s. Be- 
tween two schemes, there is a critical difference in 
dealing with conditionals: whether to give separa- 
tion constraint on switch and merge or not. So, only 
benchmarks including conditionals in programs are se- 
lected. Also, all loops in benchmarks are sequentially 
executed without unfolding, which makes comparison 
between two scheme more exact. 

Table 1 compares the characteristics of threads be- 
tween two schemes for each benchmark. ‘No. of 
threads’ denotes the total number of threads generated 
for each program, and ‘Thread length’ denotes the av- 
erage size of threads, computed by $$ where N is the 
total number of instructions, and T the total number 
of threads. ‘Synch count’ denotes the average syn- 

chronization count of threads, computed by $ where 
S is the summation of synchronization counts over 
all threads. Our scheme has fewer threads and syn- 
chronization counts, while it has longer thread length. 
This is because Schauser’s scheme creates a large num- 
ber of small threads due to the separation constraint 
on switches and merges. Especially, for lookup in 
which there are two conditionals in a while expression, 
his scheme has about 3.5 times number of threads as 
our scheme. Also, thread merging is rather restricted 
in his scheme because of his less powerful merging rule 
and no combination of switches and merges. On the 
other hand, the synchronization count of integer sum 
is a little larger than in his scheme. This is because 
there are a number of threads with one value of syn- 
chronization count, which are caused due to the sepa- 
ration constraint. For other benchmarks, our scheme 
has smaller synchronization counts. Note that aver- 
age thread length in our scheme is nearly twice that 
of typical branch distances. 

Table 2 shows relative instruction frequencies dy- 
namically measured between two schemes for each 
benchmark. Instructions are classified into seven 
categories: synchronization, memory management ~ 
structured memory access, ALU, loa.d/store, branch, 
and others. Synchronization consists of all instruc- 
tions performing synchronization events. Memory 
management consists of operations performing allo- 
cation/deallocation of frames or heaps. Load/store 
means load/store operations on boundaries of threads. 
Others include house-keeping operations such as 
NEXT executed at the end of thread and operations 
to initialize or reset synchronization counts of threads. 
Note that NEXT makes the thread processing unit 
get another continuation from the activated thread 
queue. Usually, synchronization, load/store, and oth- 
ers form the control portion of total codes, which is 
inevitable overheads due to multithreading. On the 
ot,her hand, memory management, structured mem- 
ory access, ALU, and branch form the computation 
portion. 

In Table 2, the frequency of control and branch is 
larger in Schauser’s scheme, while the frequency of 
computation is equal for two schemes. We see the fol- 
lowing facts: for the execution of each thread, it is 
required to load/store values from and to frame slots 
for t,he boundary values of the thread and perform a 
NEXT. Also, it is required to reset, the synchronization 
counts of all threads composing loop bodies on itera- 
tion boundaries. Thus, as wee can see in Table 1, in his 
scheme the larger number of threads with the smaller 
size and larger synchroniza.tion count cause the larger 90 
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Table 1: Tl1rea.d Characteristics 

~~ 

Table 2: Instruction Frequencies 

Figure 9: RelaGve Execution Time 

frequency of control operations correspondingly. We 
also can see t,hat our scheme has fewer branches for 
integer sum and lookup. This is due to the fact t,hat 
switch combination reduces the number of branch in- 
structions effectively. 

We can see a strong relationship between execu- 
tion time and the frequency of instructions in Figure 
9-10: execution time increases in proportion to the 
frequency of control and branch inst,ructions. Also, 
we see that for each benchmark, the ratio of execution 
time corresponds similarly with the ratio of the fre- 
quency of control and branch. For integer sum, how- 
ever, there is some difference between two ratios. That 
is, the ratio of the execution time between two schemes 
is 6.39, but the ratio of the frequency of control and 
branch is 3.83. We see that the ratio of the synchro- 
nization frequency of integer sum in Table 2 is very 
large, compared with other categories. Also, synchro- 
nization instructions performed by a message handler 
require more execution t,ime than other inst,ruct,ions. 

Figure 10: Relative Inst,ruction Frequency 

So, t,lie frequency of synchronization instructions af- 
fects execution time of programs more deeply. 

6 Conclusion 

In this paper, we described an enhanced thread for- 
mation scheme to produce efficient sequential threads 
from Id- programs. Simulation results over several 
benchmarks show that the portion of control and 
branch operations of total codes are deeply affected 
by thread formation schemes. The portion of control 
is essentially overheads due to multithreading. Unless 
the overheads are controlled effectively, good perfor- 
mance can’t be expected in multithreaded architec- 
tures. Our scheme reduces the portion of control and 
branch effectively, compared with Schauser’s. 

Run length can be enhanced by thread scheduling. 
TAM[8] performs compiler-controlled thread schedul- 
ing, exploiting locality of comput(ations. As indica.ted 
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in [5], however, it may have considerable scheduling 
overheads since it manipulates a complicated data 
structure and performs atomic operations frequently. 
Also, speculative register management, which allows 
quanta to grow up dynamically, is not. clear. Note that 
a quantum in TAM is defined as an unit of scheduling 
which consists of the consecutive execution of several 
threads. P-RISC[5] t ries to reduce these scheduling 
overheads by message based scheduling, where a set 
of threads activated during a message handling forms 
a quantum as TAM. But it can’t exploit locality suffi- 
ciently. Also, it may delay message processing by the 
use of a general interrupt handler. We are consider- 
ing a thread scheduling scheme to implant the concept 
of quantum effectively on the DAVRID machine. In 
DAVRID, since the synchronization unit exclusively 
processes all messages carrying synchronization events 
as inlets in TAM, the thread processing unit don’t 
experience any scheduling overhead as TAM and P- 
RISC. Also, it can exploit locality of computations by 
the local request queue. 

The size of thread can be substantially lengthened 
by incorporating data parallelism. If data in a global 
structured memory are placed in local memory in ad- 
vance before execution, all operations to refer these 
values need not to be dealt with as long latency in- 
structions any more. So, in our partitioning scheme 
that considers only long latency instructions as a sep- 
aration constraint of the graph, thread length can be 
substantially enhanced. Also, thread length can be en- 
hanced by global analysis[l3], which makes it, possible 
to merge multiple entry nodes by propagating depen- 
dence information across control boundaries and func- 
tion calls. However, as pointed out in [13], it. is nec- 
essary to consider trade-offs among thread size, paral- 
lelism, communication, and synchronization overhead 
for optimal thread execution. 
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