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Cfaed: Center for Advancing Electronics Dresden

q New technologies for information processing that overcome the limits of CMOS
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Research: Inflection points and programming

q The programming interface continues to broadens as hardware evolves
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Auto-parallelization?

1) Find all dependencies?
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for (i = 1; i <= 100; i++)
for (j = 1; j <= 100; j++) { 

S1: X[i][j] = X[i][j] + Y[i-l][j];
S2: Y[i][j] = Y[i][j] + X[i][j-1]; 

} 

i

j

More often than 
not, impossible!

2) Coding style and the illusion 
of infinite shared memory

struct a
{
struct s *a;
int *pi;
struct t *p;
float *p;
…
}

Example: Polyhedral 
compilation
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Auto-parallelization? (2)

1) Find all dependencies?
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2) Coding style and the illusion 
of infinite shared memory

3) Dependencies can 
sometimes be violated!
(they are artifacts of style)

[Edler-CC’18]
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Dataflow abstraction
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Dataflow programming abstraction

q Possibly cyclic graphs represent stream processing
q Large history in niches (embedded het. multi-cores)

q Deterministic, race free, restricted expressiveness, 
analyzability (memory, schedules)

q Plenty of work on: Languages, compilers, mapping 
algorithms, HW models, performance estimation, code 
generation and runtime systems

q Going more general purpose

q More implicit programming
q More adaptivity (applications do not run alone)
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Higher-level abstraction for dataflow

q Functional abstraction for implicitly describing the graph
q Not so much about syntax: Clojure, Haskell, Rust, Java, …
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Functional to dataflow
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Functional to dataflow
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I/O optimization in uServices

q Functional abstraction: amenable for micro-service architectures
q Problem

q Modularity at odds with performance due to repeated I/O calls
q Currently solved via applicative functors (Facebook)

q Develop simple dataflow rewrites to optimize I/O batching
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Second use-case: I/O optimization in uServices

q Functional abstraction: amenable for micro-service architectures
q Develop simple dataflow rewrites to optimize I/O batching
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Second use-case: I/O optimization in uServices

q Functional abstraction: amenable for micro-service architectures
q Develop simple dataflow rewrites to optimize I/O batching
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Adaptivity

q Originally in embedded domain: Applications               
meant to execute alone

q Today
q Multiple applications sharing resources

q Available resources unpredictable at load time
q Design space to large for exploration at running time

q But: You still want time-predictability

q Strategy
q Generate multiple (canonical) variants

q Select and perform cheap transformations at running time
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Source: Chen, NTU, MPSoC 2008
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Exploiting symmetries

q Intuition
q SW: Some tasks/processes/actors may do the same
q HW: Symmetric latencies (CoreX çè CoreY)

q Symmetry: Allows transformations w/o changing the 
outcome

è No need to analyze all possible mappings 
(prune search space)

è Formal and generic definition of symmetries in the 
mapping problem
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Data-level parallelism: Scalable and adaptive

q Change parallelism from the application specification
q Static code analysis to identify possible transformations  (or via annotations)
q Implementation in FIFO library (semantics preserving)
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Flexible mappings

q Given multiple canonical configs by 
compiler, select one at run-time

q Exploit mapping equivalences and 
similarities
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Flexible mappings: Run-time analysis

q Modified Linux kernel: symmetry-aware
q Target: Odroid XU4 (big.LITTLE)
q Multi-application scenarios: audio filter (AF) and MIMO

q 1x AF 

q 4 x AF 
q 2 x AF + 2 x MIMO

q 3 mappings to two processors                                   
q T1: Best CPU time

q T2: Best wall-clock time
q T3: GBM heuristic
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Flexible mappings: Multi-application results (1)
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Flexible mappings: Multi-application results (2)
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Domain-specific languages (DSLs)
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Domain-specific languages

q Languages evolve, formalizing powerful design patterns (abstractions)
q Some of them too common, so we do not notice it (goto à structured control, calling 

conventions à procedures, …)

q DSLs: bridge gap between problem domain and general purpose languages

q Many quite successful DSLs today (Halide, Spiral, TVM, TensorFlow, …)

© Prof. J. Castrillon. Programming abstractions. PARS'19
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PPME: Parallel particle-mesh environment

q Domain: Python-based DSL for Particle-Mesh simulations
q Parallel particle-mesh library (PPM): abstractions for computational biology 

q Collaboration with the mosaic group (http://mosaic.mpi-cbg.de/)

q Provide more information about structure, data-usage and computation patterns to the 
compiler for parallel execution
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PPML: DSL Example
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client grayscott
integer, dimension(6) :: bcdef = …
real(..), dimension(:,:), pointer :: displace
integer :: interval

add_arg(k_rate,<#real(mk)#>,1.0_mk,0.0_mk,'k_rate',’’)
add_arg(F,<#real(mk)#>,1.0_mk,0.0_mk,'F_param',’')
add_arg(D_u,<#real(mk)#>,1.0_mk,0.0_mk,'Du_param',’’)
add_arg(D_v,<#real(mk)#>,1.0_mk,0.0_mk,'Dv_param',’')

ppm_init(1)

U = create_field(1, "U")
V = create_field(1, "V”)
topo = create_topology(bcdef)
c = create_particles(topo)

allocate(displace(ppm_dim,c%Npart))
call random_number(displace)
call c%move(displace, info)
call c%apply_bc(info)

global_mapping(c, topo)
discretize(U,c)
discretize(V,c)
ghost_mapping(c)

foreach p in particles(c) with … sca_fields(U,V)
U_p = 1.0_mk
V_p = 0.0_mk
if (((x_p(1)-0.5)**2+(x_p(2)-0.5_mk)**2).lt.0.01)

then
U_p = 0.5_mk + 0.01_mk*noise
V_p = 0.25_mk + 0.01_mk*noise

end if
end foreach

n = create_neighlist(c,cutoff=<#4._mk * c%h_avg#>)
Lap = define_op(2, [2,0, 0,2], [1.0_mk, 1.0_mk], "Lap")

W = discretize_op(Lap, c, ppm_param_op_dcpse,  
[order=>2,c=>1.0_mk])

o,nstag = create_ode([U,V],grayscott_rhs,[U=>c,V], rk4)
interval = 1 
t = timeloop()

do istage=1,nstag
ghost_mapping(c)
ode_step(o, t, time_step, 1)

end do
print([U=>c, V=>c],interval )

end timeloop

ppm_finalize()
end client

rhs grayscott_rhs(U=>parts,V)
get_fields(dU,dV)

dU = apply_op(W, U)
dV = apply_op(W, V)

foreach p in particles(parts) with sca_fields(U,V,dU,dV)
dU_p = D_u*dU_p - U_p*(V_p**2) + F*(1.0_mk-U_p)
dV_p = D_v*dV_p + U_p*(V_p**2) - (F+k_rate)*V_p

end foreach

end rhs

[ACM TOMS’18]
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CFDlang for computational fluid dynamics (CFD)

q Tensor expressions typically occur in numerical codes

q Tensor product notation popular in the CFD domain
q On performance

q Matrixes are small, so libraries like BLAS do not always help

q Expressions result in deeply nested for-loops
q Performance highly depends on the shape of the loop nests

q Higher-level expressions: No need for complex polyhedral analysis
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CFDlang and tool flow
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Lowering

source = 
type matrix    : [mp np] &
type tensorIN  : [np np np ne] &
type tensorOUT : [mp mp mp me]  &

&
var input A   : matrix   &
var input u   : tensorIN        &
var input output v  : tensorOUT &
var input alpha : [] &
var input beta  : [] &

&
v = alpha * (A # A # A # u . 

[[5 8] [3 7] [1 6]]) + beta * v

Fortran embedding

Tensor
IR

Optimizations

Codegen

Linkable C 
code

Iterative 
compilation

[RWDSL’18]
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Example: Interpolation operator

q Interpolation: 

q Three alternative orders (besides naïve)
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E1:

E2:

E3:

 [RWDSL’18, GPCE’17]
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TeML: Meta-programming for Tensor Optimizations 

q Extend grammar and semantics with
semantic-preserving, composable transformations
q For optimization expert or for automated search
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 [GPCE’18]
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TeML: Results
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q Extra control allow for new optimization (vs pluto): changing shapes
q General tensor semantics allow covering more benchmarks than TensorFlow

 [GPCE’ 18]
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Emerging technologies
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Specialization and post-CMOS

q Power of abstractions
q Reasoning about schedules (dataflow), high-level type checks (particles) or data-

layout and loop schedules (tensors)
q Key to handle and optimize systems with emerging interconnect, memories and 

accelerators

© Prof. J. Castrillon. Programming abstractions. PARS'19
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Emerging techs. example: cfaed SW stack

q Excellence Cluster Cfaed
q New devices/paradigms: Silicon nanowires, carbon 

nanotubes, organics, bio-inspired computing, …

q Software: Domain-specific languages, micro-kernels, 
formal analysis methods, …

q Evaluation: Extensive use of simulators

© Prof. J. Castrillon. Programming abstractions. PARS'19

[SAMOS’17, IEEE TMSCS’18]

32



Emerging techs. example: HAEC Box

q HAEC CRC: Highly adaptive energy efficient computing
q In board optical interconnect
q Wireless interconnect in between chip-stacks

q Dataflow-based programming model
q Rich set of options for data to flow

q Target system for adapting mappings at runtime
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[IEEE Proc.’19]
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Emerging techs. example: Racetrack memories

q Racetrack memories: one of many future alternatives
q Predicted extreme density at low latency

q 3D nano-wires with magnetic domains
q One port shared for many bits

q Domains move at high speeds (1000 ms-1)

q Sequential: Game changer for current HW/SW stack
q Memory management 
q Integration with other memory architectures 

q Data layout and allocation

Parkin, Stuart, and See-Hun Yang. "Memory 
on the racetrack." Nature 
nanotechnology 10.3 (2015): 195.
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Current research topics: Simulation

q RTSim: Configurable racetrack simulator
q Allows running software benchmarks
q Built on stop of other simulator technology: NVMAIN 2, Gem5, SystemC, …

[IEEE CAL’19]
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Current research topics: Data and instruction layout

q Compiler pass to reorganize data: Reduce the impact of shifting
q Allocation of instructions, allocation of stack variables, allocation of tensors

Average shift 
reduction across 28 

benchmark 
applications

[ArXiv’19]
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Discussion
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Ease analysis

1) Find all dependencies?
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i

j

2) Coding style and the illusion 
of infinite shared memory

struct a
{
struct s *a;
int *pi;
struct t *p;
float *p;
…
}

3) Dependencies can 
sometimes be violated!
(they are artifacts of style)

Infer from 
high-level spec

Abstract from 
actual layout

More abstract 
algorithms 

(à declarative)

38



Summary

q Evolution of hardware always stressing the programming stack
q Single, multi-core, many-core, heterogeneity (specialization), post-CMOS, …

q Domain-specific hardware not only for niches: The need for domain-specific 
programming abstractions
q Dataflow for parallelism beyond embedded systems

q DSLs to ease high-level manipulation and mapping of program constructs
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