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2D	
  vector	
  field	
  topology	
  

•  Vector	
  fields	
  represent	
  important	
  information	
  about	
  	
  
a	
  variety	
  of	
  natural	
  and	
  artificial	
  processes;	
  gaining	
  
insights	
  into	
  these	
  physical	
  phenomena	
  requires	
  
understanding	
  the	
  behavior	
  of	
  material	
  particles	
  
flowing	
  through	
  the	
  vector	
  field.	
  

•  Vector	
  field	
  topology	
  is	
  an	
  impactful	
  way	
  of	
  studying	
  
such	
  behavior	
  for	
  steady	
  vector	
  fields,	
  but	
  similar	
  
concepts	
  for	
  unsteady	
  fields	
  are	
  not	
  understood	
  yet.	
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Combinatorial	
  representations	
  and	
  algorithms	
  provide	
  robust	
  and	
  consistent	
  analysis	
  [*]	
  

•  Numerical	
  adaptation	
  of	
  smooth	
  theory	
  for	
  digital	
  computers	
  incurs	
  errors	
  and	
  
makes	
  approximations.	
  Tracking	
  the	
  resulting	
  uncertainties	
  is	
  nontrivial,	
  and	
  the	
  
obtained	
  results	
  may	
  be	
  inconsistent,	
  e.g.,	
  intersecting	
  streamlines	
  (Fig.	
  1).	
  	
  

•  We	
  develop	
  new	
  representations	
  and	
  algorithms	
  that	
  are	
  combinatorial	
  in	
  nature,	
  
and	
  can	
  be	
  implemented	
  exactly	
  on	
  computers,	
  e.g.,	
  using	
  graphs	
  and	
  integers.	
  	
  

•  This	
  allows	
  performing	
  consistent	
  extraction	
  of	
  topological	
  structures	
  (Fig.	
  2);	
  	
  
the	
  discretization	
  errors	
  can	
  be	
  computed,	
  encoded,	
  and	
  visualized	
  (Fig.	
  3).	
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253EXPERIMENTAL HYDRODYNAMICS OF SWIMMING

FIG. 10. Comparison of theoretically expected patterns of wake flow behind a stationary cylinder (A) and a heaving and pitching foil (B).
Incident fluid flow in both panels is from left to right. The bluff body in A generates a drag wake composed of staggered counterrotating
vortices with interspersed jet flow (gray arrows) oriented upstream (i.e., a von Kármán street). As the streamlined foil in B oscillates it also
leaves a staggered wake of vortices, but because the sense of vortex rotation is opposite to that shown in A this wake is termed a reverse von
Kármán street. This actively generated wake produces jet flow between alternating vortex pairs that is oriented downstream. In reaction to
these momentum jets, forward thrust is exerted on the foil.

each stride is partitioned among the three fin systems
as shown in Figure 11A; note that the soft dorsal fin
contributes 12% of total thrust on average. During
slow turning maneuvers in sunfish (described above),
the soft dorsal fin is also active, shedding a laterally
oriented momentum jet at the end of the body-rotation
phase (Drucker and Lauder, 2001a). Both the pectoral
and dorsal fins, therefore, exert laterally oriented wake
forces during this unsteady swimming behavior, with
the dorsal fin generating an average of 35% of the total
(Fig. 11B). The fact that the soft dorsal fin produces
approximately 10% of the total thrust generated by all
fins during steady swimming, and more than one-third
of the total lateral force during turning, underlines its
active role in propulsion. The partitioning of swim-
ming force among multiple fins is likely a widespread
characteristic of the teleost locomotor system, but as
yet has received very little experimental study.

9. DPIV shows that wake interaction among fins may
enhance thrust production
The observation that more than one fin can shed a

vortex wake at the same time suggests the possibility
of hydrodynamic interaction among nearby propulsors.
Theoretical studies of fish locomotion have empha-
sized the potential for wake interaction among fish fins

to increase propulsive efficiency (Lighthill, 1970; Wu,
1971; Yates, 1983; Weihs, 1989). Experimental work
in non-biological systems has demonstrated that vortex
trails shed by upstream bodies can intercept and affect
the strength of developing vortices generated by bod-
ies downstream. Specifically, it has been shown that
the drag wake of an upstream bluff body can interact
in either a constructive or destructive way with the
near-field thrust wake produced by a downstream os-
cillating foil (Gopalkrishnan et al., 1994; Anderson,
1996; Triantafyllou et al., 2000). The type of interac-
tion observed depends on the sign of vortex rotation
and the encounter phase of the foil with respect to the
upstream vortices. For two adjacent foils shedding a
thrust wake, as in a swimming fish, annihilation or
reinforcement of vorticity will also depend on encoun-
ter kinematics.
Using DPIV, Drucker and Lauder (2001a) examined

the dynamics of wake interaction between the soft dor-
sal fin and tail of bluegill sunfish. Given the proximity
of these fins (see Fig. 11A), both constructive and de-
structive interactions among wake vortices are theo-
retically possible. During steady swimming slightly
above the gait transition speed (1.1 L sec21), both fins
exhibit a sinusoidal pattern of motion with a mean
phase lag of 120 msec. A horizontal laser light sheet
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Local	
  reference	
  frames	
  highlight	
  otherwise	
  hidden	
  features	
  [*]	
  

•  Vector	
  field	
  topology	
  is	
  dependent	
  upon	
  the	
  assumed	
  reference	
  frame;	
  
important	
  features	
  may	
  get	
  obscured	
  due	
  to	
  an	
  unsuitable	
  frame	
  (Fig.	
  4).	
  	
  
This	
  limitation	
  also	
  prohibits	
  topological	
  analysis	
  of	
  unsteady	
  vector	
  fields.	
  

•  We	
  develop	
  new	
  reference	
  frames	
  to	
  extract	
  local	
  features	
  by	
  performing	
  
open-­‐boundary	
  and	
  multiscale	
  analysis.	
  	
  

•  These	
  frames	
  extract	
  otherwise	
  hidden	
  structures	
  (Fig.	
  5),	
  and	
  allow	
  	
  
analyzing	
  unsteady	
  vector	
  fields	
  as	
  sequences	
  of	
  steady	
  vector	
  fields	
  (Fig.	
  6).	
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understanding	
  the	
  structure	
  	
  
and	
  fuzziness	
  in	
  simulations	
  
of	
  turbulent	
  mixing	
  sheds	
  	
  

light	
  on	
  phenomena	
  
ranging	
  from	
  boiling	
  water	
  

to	
  astrophysics	
  and	
  	
  
nuclear	
  fusion	
  

Time	
  

identifying	
  spatiotemporal	
  behavior	
  of	
  stable	
  but	
  weak	
  rotational	
  structures	
  in	
  
combustion	
  simulations	
  allows	
  developing	
  sources	
  for	
  cleaner	
  energy	
  

Consistent	
  topological	
  analysis	
  and	
  uncertainty	
  visualization	
  applied	
  under	
  local	
  reference	
  frames	
  help	
  derive	
  important	
  scientific	
  insights	
  	
  

investigating	
  the	
  flow	
  
patterns	
  in	
  automotive	
  

components	
  helps	
  improve	
  
their	
  design	
  and	
  
performance	
  

identifying	
  the	
  behavior	
  of	
  global	
  oceanic	
  currents	
  helps	
  
understand	
  global	
  environmental	
  factors	
  and	
  their	
  impact	
  	
  

on	
  climate	
  changes	
  

CONSISTENT	
  FEATURE	
  EXTRACTION	
  FROM	
  VECTOR	
  FIELDS	
  
Combinatorial	
  Representations	
  and	
  Analysis	
  Under	
  Local	
  Reference	
  Frames	
  

Analysis	
  of	
  vector	
  fields	
  is	
  indispensable	
  to	
  many	
  applications	
  in	
  science	
  and	
  engineering	
  	
  


