
optimization at run-time is not prepared by a compiler.
dcg [10] is a retargetable system for dynamic code gener-

ation. The input is specified in the intermediate language
IR , which is also used for the lcc compiler [13]. At run-
time, the intermediate code is transformed into executable
code for the concrete target machine by the code generator
burg [14]. To simplify code specification VCODE [9] was de-
veloped, which accepts assembly language for an ideal model
of a RISC processor. Like our approach, dynamic code gen-
eration offers high flexibility by creating executable machine
code only at run-time. But it is not focused on scheduling
and propagates a high computing effort from compile-time
to run-time.

Our CALS is a concrete instance of a mobile code appli-
cation. Another interesting example are slim binaries [12],
which contain compact and architecture-neutral intermedi-
ate code. In contrast to a fat binary , that includes differ-
ent versions of a program, the same intermediate code is
transformed into specific native machine code on the target
system. But again major parts of the compilation must be
done immediately before or during program execution.

The motivation for dynamic rescheduling [6] is the lack
of object code compatibility across generations of a VLIW
architecture. Unlike superscalar processors, object code for
VLIW machines consists of large instruction words, which
specify multiple and independent scalar instructions for each
functional unit. Hence, a transformation of VLIW code
mainly has to conduct further scheduling. Dynamic re-
scheduling applies a scheduling during first-time page faults
and thereby adapts object code to a concrete target machine.
In contrast to our load-time scheduler, the rescheduling is
not prepared at compile-time.

Binary translation [27] is a generalization of dynamic re-
scheduling and refers to object code transformation between
different architectures. One example is DAISY [8], which
emulates the PowerPC family on a VLIW machine. The
famous Crusoe processors [22] execute Intel x86 code and
combine high performance with low power consumption.
Such a processor consists of a VLIW machine and a soft-
ware layer, which transforms x86 code into VLIW code at
run-time by using a Code Morphing Software [7]. Like dy-
namic rescheduling, all mentioned approaches do not pre-
pare scheduling at an earlier time instant.

2.2 ReconÞgurable Architectures
Reconfigurable hardware offers a promising extension of

our approach: Currently, the load-time scheduler adapts the
abstract machine code to a concrete and static target ma-
chine. In the future, we plan to extend our approach to re-
configurable architectures, where the target machine adapts
itself to the code also. For example, a superscalar RISC pro-
cessor could merge some of its functional units into SIMD -
like structures on demand. By these means, ILP could be
exploited more efficiently and hence execution time could
be improved. In the following we discuss selected reconfig-
urable architectures and compare them with our approach.

Garp [17, 4] and MorphoSys [26] combine a RISC pro-
cessor with a reconfigurable array to accelerate loops. Both
approaches suffer from communication bottlenecks due to
transfers between the main processor and the reconfigurable
hardware at the entrance and exit of loops. Additionally,
the programmer must manually partition source code (Mor-
phoSys) or generate hardware configurations (Garp) to take

advantage of those systems. Our system accepts ANSI C
code and requires no further administration by the user.

Chimaera [16] overcomes the bottleneck of systems like
Garp or MorphoSys by integrating a reconfigurable func-
tional unit (RFU ) into the host processor itself. The in-
tention of the RFU is to customize the instruction set for
a certain application. Hence, the compiler combines multi-
ple adjacent operations into a single RFU instruction. The
RFU is a cache for instructions, which have recently been
executed or might be needed soon. To use instructions in
the RFU , the application code includes calls to the RFU by
means of special operations. In contrast to our approach,
the Chimaera compiler does not utilize ILP , but optimizes
the instruction set of the target machine.

DISC [25] was designed for high performance real-time
systems, which are characterized by stochastically occuring
interrupts as well as high throughput requirements. It uses
dynamic instruction stream interleaving, i.e. the next in-
struction to be executed is dynamically selected from several
simultaneously active streams. In contrast to our load-time
scheduler, which is presented in 3.2, DISC operates com-
pletely at run-time.

OneChip [30] tightly couples a RISC processor with recon-
figurable logic by integrating an RFU into the processor’s
pipeline. It was designed to speed up computing-intensive
application in the multimedia or DSP domain on the loop-
level. But like Garp and MorphoSys, OneChip offers no
compiler support to partition source code.

Spyder [21] is a superscalar processor with three execu-
tion units, which offer fine-grained reconfiguration at the
gate level. But it suffers from the typical disadvantages of
many reconfigurable architectures: First, Spyder is realized
as a coprocessor, which is loosely coupled to the host work-
station. This causes a major bottleneck between the host
processor and the reconfigurable logic. Second, programm
code must be split into two parts, with one part running on
the host processor and the other part on Spyder. This diffi-
cult task is actually left to the programmer, because there is
no automatic compiler available. Third, the user must pro-
vide a hardware configuration for the functional units, which
cannot be changed at run-time by dynamic reconfiguration.

Hence, we will aim for a more coarse-grained, tightly in-
tegrated solution, where interconnection structures between
fixed components can be reconfigured with minimum run-
time effort.

3. STRUCTURE OF SYSTEM
Figure 1 shows the structure of our CALS system accord-

ing to the PPC approach. The compiler transforms a C
program into abstract machine code and appends code an-
notations. Then code and annotations are sent to the target
machine in one object file. At load-time the scheduler ar-
ranges the abstract code for a concrete target machine with
the help of the annotations. Apart from the partitioning in
two phases, our system features another important property
of the PPC approach: The load-time scheduler can operate
very fast (linear time), while the compiler must determine
the annotations with high computing effort.

Actually, our system allows only simple validation of the
annotations: The abstract machine code is rejected, if the
size of the annotations is wrong. We plan to improve CALS
to completely support the PPC approach by adding checks
which guarantee that the annotations match the code.









In contrast to Masl , a specification in UPSLA consists of a
sequence of element definitions. The element types are fixed
and include instructions, instruction attributes, resources,
functional units and register banks. Mappings between re-
sources, functional units and register banks can be modelled
with so-called mapped resources. Processor specification is
simplified by features of object-oriented languages like ele-
ment inheritance, abstract elements, grouping of elements
and equivalence classes with identical resource mappings.

The 750CX could be modelled easily by removing the sec-
ond SCIU from the specification of the 604. A 603 has only
one IU (Integer Unit), while a 604 features two SCIUs and
one MCIU (Multiple-Cycle Integer Unit). For simplifica-
tion, we modelled the IU by a separate SCIU and MCIU
with a virtual resource for mutual exclusion. Additionally,
the latencies of some multiplication and division instructions
had to be modified.

6.2 Benchmarks
For the initial evaluation we have chosen six rather small

programs from the Stanford Benchmarks, which have been
made conformant to the ANSI C standard:

• b bubble: bubble sort
• b mm : matrix multiplication (floating-point entries)
• b quick: quick sort
• b trees: tree sort
• intmm : matrix multiplication (integer entries)
• puzzle: compute bound program

In the following sections, we discuss the evaluation of
CALS (Code Annotations for Load-time Scheduling).

6.3 Runtime
Here we compare CALS to simple compilation without

scheduling and conventional techniques such as ASAP and
ALAP . Figure 11 shows a summary of the runtime im-
provements for all machines. First, our approach achieves
promising results of 8.4% in average over simple compila-
tion. The highest improvement is obtained for intmm on
a 604 (23.8%). The worst case occurs for b mm on a 603
(0.2%), but still represents a minimal speed-up.

Second, runtime is only 1.7% higher in average than for
ASAP . In comparison with ALAP , we can even observe
an average speed-up of 1.8%. Only the b trees benchmark
shows a degradation in performance and is responsible for
nearly all of the worst case figures.
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Figure 11: Comparison with conventional tech-
niques

Now we consider the results for certain target machines
(figure 12-14): The 604 offers the highest parallelism of the
three machines and also shows the largest speed-up over
simple compilation. But the best cases compared to ASAP
and ALAP are achieved on a 750CX , which has only one
SCIU . Our load-time scheduler, in contrast to conventional
schedulers, takes spill code generated at compile-time into
account. Precise placement of spill code is more important
on the 750CX with is limited dispatching abilities.

To summarize, our approach achieves noticable improve-
ments over simple compilation without scheduling. Addi-
tionally, CALS obtains results comparable to list scheduling
or even outperforms it.

As our load-time scheduler knows the concrete target ma-
chine precisely, CALS should obtain shorter runtimes than
static list scheduling for the wrong target machine. Other-
wise, the additional effort at load-time could not be justi-
fied and one could just perform list scheduling for a generic
processor of the PowerPC family. Again, the evaluation
revealed the feasibility of our approach: CALS achieves
performance improvements of up to 12.4% over static list
scheduling for the wrong target machine.
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Figure 12: Comparison with conventional tech-
niques on PPC 603
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Figure 13: Comparison with conventional tech-
niques on PPC 604

The best results can be observed on the 750CX , which has
medium parallelism of the three machines. At first glance,
this is surprising, because the 603 has the lowest parallelism.
Hence, code that was scheduled for a better machine should
exhibit a massive slow-down on the 603. But at the begin-
ning we mentioned that the best results compared to ASAP
and ALAP for the correct target machine are achieved on
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Figure 14: Comparison with conventional tech-
niques on PPC 750CX

a 750CX . Hence, the speed-up byCALS on a 750CX more
than compensates the slowdown due to the low parallelism
of the 603.

On the 604, the improvements over static list schedul-
ing for the wrong target machine are minimal. This is to
be expected, because the604 o�ers the highest parallelism
and therefore the dispatcher has the biggest potential for
re-arrangement of poorly scheduled code.

Finally, we can conclude that the promising results of our
approach justify the additional overhead at load-time. Ad-
ditionally, the e�ort for load-time scheduling is low, because
our algorithm only needs linear time due to the annotations.

6.4 Size of Annotations
Here we discuss the relative size of the annotations with

respect to the code size. The object “les mainly consist of
non-annotated functions from libraries, which were added
during linking. Hence, the relative size with respect to the
total code size is very small (2-4% with all optimizations).
One exception is puzzle with a relative annotation size of
11%, because large o�set values (up to 500) of life spans with
real registers must be encoded. Thus, future work should
also review the computation of values to be encoded, next
to improving the encoding method.

But the total code size is not really representative, be-
cause library functions could also be annotated in future. If
only the size of annotated code is considered, the relative
size of annotations is 157-220% (avg. 180%) when using the
original VLQ method and a naive encoding of virtual reg-
ister uses. The usage of nibbles instead of bytes as basic
units of VLQ has reduced annotation size by 24-29%. Ad-
ditional savings of 6-8% have been achieved by encoding the
uses of virtual registers in the space of the register operands.
Currently, the relative size is 106-154% (avg. 125%), which
represents an improvement of 30-33%.

In the future, we will evaluate other encodings such as
Hu�man or Lempel-Ziv, although more time and memory is
required compared to VLQ . Additionally, we will reconsider
the exact information stored in the annotations.

6.5 Design-speciÞc Aspects
In this paper, we have presented several ideas to support

e�cient scheduling like split register allocation, computa-
tion of hints and forbidden registers as well as preference
of function calls. Our evaluation has shown that these con-
cepts have met or exceeded our expectation in most cases.

Hence, we do not discuss runtime results in detail at this
point. Instead, we focus shortly on design-speci“c aspects:

The encoding of a life span with virtual register contains
the preferred register class and a hint for a real register.
First, our evaluation has shown that volatile registers are
preferred and also used at load-time in most cases. Second,
our compiler can determine 40% more hints, if forbidden
registers are computed by using the DDG . A naive com-
putation would just forbid all real registers which are used
in a basic block. But such a strategy would partition real
registers according to compile-time and load-time. Hence,
register need would increase and many in fact super”uous
instructions could not be eliminated by the peephole op-
timization at load-time. Third, the scheduler can re-use
50-80% of the hints at load-time, which implies very fast
register allocation without additional e�ort. Hence, the reg-
ister allocation at load-time di�ers from register allocation
at compile-time only slightly (hints), but at the same time
enlarges the freedom of ourload-time scheduler.

Finally, we focus on the special queues of theinstruction
manager. The special queues for function calls, BPU , and
FPU resp. MCIU and LSU contain at most one or two
instructions. Only the SCIU queue contains up to 14 in-
struction. Therefore bounding the number of instructions
considered per cycle globally is better than a separate up-
per limit per queue. Additionally, evaluation has shown
that complete register allocation at compile-time severely
constrains the scope of the load-time scheduler: Maximum
lengths of special queues decrease to 1/2 (or even 1/7 for
puzzle) of the observed values.

7. CONCLUSION
We have implemented a novel system, which prepares par-

allelization and register allocation at compile-time and per-
forms scheduling at load-time of a program. Our CALS
approach achieves noticable improvements over simple com-
pilation without scheduling. Its results are comparable to
list scheduling or even better by up to 12.4%. Addition-
ally, the e�ort for load-time scheduling is low, because our
algorithm only needs linear time due to its reliance on the
precomputed annotations. At a modest cost in “le size, our
approach provides higher performance for mobile code in a
heterogenous network, where the precise machine model is
not known at compile-time.

Our next step will be the evaluation of CALS based on
larger, realistic application programs. Furthermore, we en-
vision to extend our methodology to recon“gurable archi-
tectures, where the target machine adapts itself to the char-
acteristics of a program, which in turn is scheduled by a
load-time scheduler.
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